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1 . 0  EXECUTIVE  SUMMARY 


The  following  final  technical  report  is  a  compilation  of  a 
three  year  research  and  development  effort  undertaken  to 
investigate  several  technical  issues  of  interest  to  the  Navy. 

This  research  program  represented  a  multi-task, 
multidisciplinary  effort  consisting  of  sixteen  separate  work 
elements  which  could  be  grouped  into  three  technological  areas : 

1)  Laser  Melt-Particle  Injection  Processing 

2 )  Development  of  High  Performance  Ceramic  Materials  and 
Ultrafine  Metal  Powders 

3 )  Mechanical  Testing  of  Naval  Materials 


The  laser  melt-particle  injection  process  is  a  technique  which 
has  been  developed  as  a  method  to  produce  wear  resistant  surfaces 
on  metallic  substrates.  The  modified  surface  layer  is  an  injected 
carbide/metal  matrix  composite  which  is  particularly  useful  for 
tribological  applications.  Under  the  current  effort,  GEO-CENTERS' 
scientists  have  developed  techniques  to  form  injected  layers  wider 
than  1.0  cm,  eliminated  closure  problems  associated  with  making 
circular  melt  passes  for  the  shaft  seal  test  samples,  have 
identified  the  crystal  structure  and  nature  of  the  resolidification 
products  and  the  solidification  reactions,  and  have  determined  the 
processing  conditions  that  produce  crack-free  injected  layers. 

The  primary  substrate  material  was  Inconel  625,  a  nickel -based 
corrosion  resistant  superalloy,  with  additional  materials  including 
Tribaloy  400,  and  Ti-6A1-4V  alloy.  The  injected  materials 
consisted  of  tungsten  and  titanium  carbides. 

In  developing  ultrafine  metal  powders,  GEO-CENTERS  has 
investigated  several  techniques  which  depend  upon  the  rapid 
solidification  of  liquid  metal  which  is  subdivided  into  droplets 
of  ultra-fine  size  distributions.  Rapid  solidification  of  these 
materials  results  in  non-equilibrium  microstructures  which  are 
known  to  impart  superior  properties  which  are  highly  desirable  in 
the  manufacture  of  components  that  are  slated  to  operate  under 
adverse  environmental  conditions  ( such  as  high  temperature  or 
corrosive  environments).  The  primary  rapid  solidification 
technique  consisted  of  high  pressure  gas  atomization,  but  also 
included  investigations  of  counter  rotating  fluid  atomization,  and 
rapidly  spinning  cup  atomization  as  alternatives. 
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The  failure  criteria  for  Naval  structures  are  based  upon  the 
analysis  of  failure  mechanisms  which  are  determined  after 
subjecting  the  materials*  to  anticipated  service  conditions.  By 
examining  the  experimental  data  specifying  the  strength,  fracture 
toughness,  fatigue,  crack  growth,  etc.,  theoretical  and  numerical 
approaches  to  continuum  mechanics  may  subsequently  be  used  to 
predict  the  structural  behavior  of  a  particular  material.  In  so 
doing,  predictions  as  to  the  material’s  response  to  mechanical, 
thermal,  and  environmental  loading  may  be  made,  as  well  as 
providing  valuable  insights  into  the  optimi zation  of  metallurgical 
and  processing  variables  used  during  component  fabrication.  These 
techniques  have  been  applied  by  GEO-CENTERS’  scientists  to  study 
metals,  ceramics,  and  composite  materials. 

The  majority  of  this  report  is  a  compilation  of  the  technical 
documents  written  for  publication  in  refereed  journals,  or  for 
presentation  at  national  meetings  in  each  field.  These  documents 
summarize  the  results  of  our  research  and  development  efforts  under 
this  contract. 
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2.0  LASER  MELT/PARTICLE  INJECTION  PROCESSING 

# 

Introduction 

In  a  previous  report  on  laser  melt/particle  injection 
processing  (Ref.  1),  the  development  of  a  technique  to  form  wear 
resistant  surfaces  on  metallic  substrates  was  described.  The 
modified  surface  layer  was  an  injected  carbide/metal  matrix 
composite  which  was  found  to  be  hard  and  wear  resistant,  especially 
under  tribological  conditions.  The  technique  allowed  for  the 
processing  of  injected  layers  of  desired  dimensions  and  geometry. 
In  that  study,  the  effects  of  processing  parameters  on  the 
microstructure,  carbide  volume  fraction  and  dimensional  stability 
were  determined.  The  rate  of  particle  injection  was  found  to  be 
a  critical  parameter.  The  basic  microstructure  was  uniformly 
dispersed  carbide  particulate  in  a  metal  matrix.  In  addition,  the 
metal  matrix  consisted  of  resolidified  carbides  and  eutectic 
carbides  which  were  formed  as  the  injected  carbide  dissolution 
products  and  which  had  a  strong  influence  on  the  microhardness. 
Having  established  the  optimum  processing  conditions,  test  samples 
in  the  form  of  a  shaft  seal  ring  were  fabricated  and  successfully 
tested. 

The  subsequent  research  and  development  tasks  undertaken  for 
this  contract  effort  included;  a)  developing  techniques  to  form 
Injected  layers  wider  than  1.0  cm;  b)  the  elimination  of  closure 
problems  associated  with  making  circular  melt  passes  for  the  shaft 
seal  test  samples;  c)  identifying  the  crystal  structure  and  the 
nature  of  the  resolidification  products  and  the  solidification 
reactions;  and  d)  the  determination  of  processing  conditions  that 
would  produce  crack-free  injected  layers. 
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The  approach  to  the  .problems  identified  above  was  two- fold. 
One  was  to  modify  the  engineering  of  the  laser  melt/particle 
injection  process  to  solve  problems  such  as  forming  wider  injected 
layers,  eliminating  closure  problems  and  minimizing  cracking  within 
the  layers.  The  second  was  to  do  a  detailed  analysis  of  the 
microstructures  using  SEM  and  TEM  and  to  determine  microstructural 
influence  on  properties  such  as  microhardness  and  wear-  Most  of 
this  work  involved  carbides  of  tungsten  and  titanium  and,  because 
of  its  obvious  interest  to  the  Navy,  the  substrate  material 
investigated  was  Inconel  625,  a  nickel-based,  corrosion  resistant 
superalloy.  Additional  work  involved  laser  cladding  with  Tribaloy- 
400,  a  cobalt-based  hardfacing  alloy,  and  Ti-6A1-4V  alloy  substrate 
for  comparative  analysis. 


Process  Development  and  Discussion 

Details  of  the  development  work  on  laser  melt/particle 
injection  processing  are  given  in  the  attached  publications  (Ref. 
2  to  7).  Inconel  625  alloy  coupons  injected  with  WC  and  TiC 
particles  were  evaluated  for  microhardness  and  wear  resistance 
(Ref.  2).  It  was  found  that  the  metal  matrix  in  the  WC  injected 
samples  was  much  harder  than  that  in  the  TiC  injected  samples. 
Correspondingly,  the  friction  wear  behavior  of  the  WC  injected 
samples  was  more  satisfactory  than  that  of  the  TiC  injected 
samples.  Although  the  coefficient  of  friction,  progressively 
increased  with  the  number  of  cycles,  it  never  approached  the  value 
of  the  untreated  sample.  In  the  case  of  WC,  this  increase  in 
was  mainly  due  to  slider  wear,  while  in  the  case  of  TiC,  this 
increase  was  due  to  a  combination  of  matrix  and  slider  wear.  The 
advantage  of  injecting  with  finer  sized  particles  was  mainly  to 
reduce  slider-matrix  contact  and  improve  friction  wear  behavior. 
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Process  modifications  and  technical  considerations  to  form 
wider  injected  layers  with  single  melt  passes  are  discussed  in  Ref. 
3.  Previously,  larger  surface  areas  were  treated  by  overlapping 
several  narrow  melt  passes.  But  this  practice  caused  segregation 
and  severe  cracking  within  the  overlapped  regions.  In  addition, 
making  several  melt  passes  was  a  time  consuming  and  expensive 
process.  Selected  areas  having  desired  dimensions  were  produced 
by  oscillating  the  laser  beam  over  the  substrate  and  forming  a  wide 
melt  pool.  Into  the  wide  melt  pool  carbide  particles  were  fed  via 
a  specially  designed  injection  nozzle.  This  nozzle  had  a  slotted 
opening  that  formed  a  rectangular  particle  spray.  By  controlling 
the  oscillation  amplitude,  injected  layer  widths  from  0.4  to  2.2 
cm  were  obtained.  An  electromagnetically  driven  oscillating  mirror 
was  used  to  form  a  line  energy  source  on  the  sample  surface. 
Feeding  the  powder  from  the  receding  edge  of  the  melt  pool  was 
necessary  to  form  uniformly  thick  layers  and  a  continuous  overlap 
upon  closure  of  a  circular  injected  pass.  Furthermore,  porosity 
and  other  defects  in  the  closure  overlap  were  minimized  by  reducing 
the  beam-off  shutter  speed. 


When  a  modified  surface  layer  is  hard  and  brittle,  it  can 
crack  under  the  strain  of  residual  stresses.  A  study  was 
undertaken  to  determine  the  effect  of  various  processing  parameters 
on  the  cracking  tendency  in  particle  injected  layers.  The  results 
of  this  discussion  are  summarized  in  Ref.  4.  Several  conclusions 
were  made  from  this  investigation.  Due  to  their  composite  nature 
and  modified  matrix  microstructure,  particle  injected  layers  were 
subjected  to  complex  residual  stresses.  It  was  found  that  cracks 
initiated  within  the  hard  injected  carbide  phase.  With  medium  and 
coarse  WC,  the  crack  density  decreased  with  increasing  powder  feed 
rate.  Samples  injected  with  TiC  exhibited  more  cracking  than 
samples  injected  with  WC.  Layers  made  with  the  fine  WC  showed  more 
cracking  than  layers  made  with  the  coarse  WC.  The  crack  density 
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decreased  with  Increasing  melt  width.  In  general,  conditions  that 
favored  reductions  In  cooling  rate  and  matrix  embrittlement 
resulted  In  a  lower  cracking  tendency.  To  eliminate  cracking  in 
the  injected  layers  and  to  improve  their  fracture  properties, 
samples  were  preheated  before  laser  treatment.  An  investigation 
was  made  to  determine  the  degree  of  preheat  and  the  mechanism  by 
which  cracking  could  be  eliminated.  The  results  of  this  study  are 
given  in  Ref.  7.  It  was  found  that  preheat  eliminated  cracking 
purely  by  reducing  the  residual  stresses  as  the  sample  cooled  from 
the  melt  temperature.  There  were  no  microstructural  modifications 
brought  by  preheating.  In  the  narrower,  1  cm  wide,  injected 
layers,  a  preheat  of  about  300°C  was  sufficient  to  prevent 
cracking.  While,  in  the  2  cm.  wide  injected  layers,  a  preheat  of 
about  450°C  was  needed  to  eliminate  cracking.  These  preheat 
temperatures  were  much  lower  than  those  reported  in  laser  cladding 
studies . 

Detailed  microstructural  analysis  and  microstructural 
influence  on  microhardness  and  wear  are  summarized  in  Refs.  5  and 
6.  As  the  injected  carbide  particles  mixed  with  the  molten  pool, 
dissolution  occurred,  the  extent  to  which  depended  upon  the  type 
of  carbide  and  substrate,  and  the  volume  and  size  of  the  carbide. 
The  initial  solidification  products  were  the  resolidified  carbides 
which  appear  as  blocky,  separate  dendrites  as  in  the  case  of  WC, 
or  as  a  network  of  dendrites  as  in  the  case  of  TiC.  Resolidified 
carbides  were  heavily  alloyed  by  elements  from  the  substrate  and 
had  a  crystal  structure  of  the  type  MC,  similar  to  the  injected 
carbides.  Next,  the  inter-particulate  melt  solidified  in  a 
dendritic  or  cellular  mode.  And  as  the  solute  was  rejected,  inter- 
dendritic  eutectic  carbides  appeared  as  the  final  solidification 
products.  TEM  analysis  revealed  that  the  eutectic  carbides  were 
of  the  MC,  MjC  and  M^C  types  having  lamellar  and  script-type 
morphologies.  SEM  analysis  showed  preferential  alloying  of  the 
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resolidified  and  eutectic  carbides  by  selected  elements  from  the 
substrate.  Whether  the  alloying  element  depletion  from  the 
substrate  was  significant  enough  to  adversely  affect  properties 
such  as  corrosion  was  not  determined.  While  resolidified  carbides 
hardened  the  matrix  in  both  samples,  ttie  eutectic  carbides  in  WC 
injected  samples  hardened  the  matrix  to  a  greater  extent  than  those 
in  the  TiC  injected  samples. 

An  integral  part  of  the  developmental  work  in  this  task  area 
was  to  identify  the  major  problems  associated  with  transfer  of  this 
technology  to  an  industrial  setting.  The  laser  melt/particle 
injection  technology  was  explained  to  the  Navy  so  that  potential 
Navy  clients  could  utilize  the  technology  to  fabricate  large  scale 
test  samples  for  actual  real  time  testing.  In  this  regard, 
processing  parameters  such  as  laser  power,  sample  speed,  powder 
feed  rate,  preheat  temperature,  etc.  were  provided.  In  addition, 
possible  modifications  to  the  process  were  suggested  to  the 
sponsor. 
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3.0  POWDER  METALLURGY 


Introduction 

Solidification  of  liquid  metal  which  is  subdivided  into 
droplets  of  ultra-fine  size  distributions,  results  in  non- 
equilibrium  microstructures.  Depending  upon  the  alloy  system  under 
consideration  and  the  effective  solidification  rates,  refined  phase 
distributions,  super-saturated  solid  solutions,  metastable 
intermediate  phases  and  amorphous  phases  are  some  of  the 
microstructures  observed  in  these  materials.  These  microstructures 
are  known  to  impart  superior  properties  to  the  material  which  are 
highly  desirable  in  the  manufacture  of  components  that  are  slated 
to  operate  under  adverse  environmental  conditions  such  as  high 
temperature  or  extreme  corrosion.  The  rate  of  quenching  or  cooling 
of  the  volume  of  liquid  is  critical  in  the  selection  of  one  of 
these  microstructures.  Due  to  their  high  surface- to-volume  ratio, 
small  droplets  are  prone  to  cool  and  solidify  more  rapidly  than 
large  droplets.  Rapid  quenching  brings  the  undercooled  liquid  into 
varying  degrees  of  metastable  states.  The  ensuing  rapid 
solidification  in  the  deep  undercooled  regime  is  essential  in 
synthesizing  novel  microstructures.  With  this  theoretical 
background  in  mind,  it  was  important  to  develop  a  process  that  can 
form  rapidly  solidified  powders  having  ultra-fine  size 
distributions.  High  pressure  gas  atomization  was  one  technique 
that  was  examined  for  producing  ultra- fine  metal  powder. 


Experimental  Procedures 

The  high  pressure  gas  atomization  unit  consisted  of  an 
atomizing  die  or  nozzle  and  a  bottom-pour  furnace  arranged  in  a 


vacuum  chamber.  The  molten  metal  was  poured  through  the  die  by 
lifting  a  stopper  rod.  High  pressure  gas  jets  leaving  the 
atomizing  die  disrupted  the  melt  stream  into  fine  metal  droplets 
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that  convectively  cooled  and  that  solidified  at  a  rapid  rate 
further  downstream.  The  powder  was  collected  via  a  cyclone  chamber 
in  a  container.  The  gasses  left  the  chamber  through  a  liquid 
scrubber.  The  entire  operation  was  controlled  by  a  programmable 
controller  which  was  programmed  to  operate  the  stopper  rod,  the 
high  pressure  gas  valve,  the  exit  ball  valve,  etc.  in  a  given  time 
sequence.  It  was  also  programmed  for  fail-safe  shut-down.  The 
atomization  runs  were  video-taped  to  observe  and  analyze  the 
process  in  order  to  improve  upon  the  processing  conditions.  Other 
parameters  such  as  chamber  pressure,  run  time,  volume  of  gas  used, 
pour  temperature,  etc.  were  also  noted  as  a  means  for  process 
characterization,  diagnostics  and  trouble-shooting. 

Prior  to  melting,  the  chamber  was  evacuated  and  backfilled 
with  an  inert  gas  such  as  argon.  The  atomizing  gas  was  usually 
argon,  helium  or  nitrogen,  each  gas  having  unique  heat  transfer  and 
density  properties.  The  use  of  inert  gas  atmospheres  was  essential 
in  having  a  clean  environment  so  that  the  formation  of  surface 
oxides  were  minimized.  Surface  oxides  are  harmful  in  that  they 
catalyze  the  nucleation  of  solidification  at  an  early  stage  in  the 
undercooling  behavior  which  is  not  desirable.  Atomizing  gas 
pressures  of  1000  to  2000  pslg  were  used,  and  at  these  pressures 
experiments  have  shown  that  a  series  of  harmonic  shock  waves 
develop  in  the  gas  jets  which  when  coupled  with  the  free-falling 
melt  stream  effectively  atomize  it.  Conventional  gas  atomization 
produces  a  size  distribution  of  30  to  300  microns  with  a  mean  size 
of  about  100  microns.  High  pressure  gas  atomization  produced  a 
much  finer  and  narrower  size  distribution,  typically  in  the  1  to 
100  micron  size  range,  with  the  majority  of  them  less  than  30 
microns.  Besides  the  level  of  the  atomizing  gas  pressure,  which 
was  needed  to  promote  aspirating  conditions  within  the  pour  tube. 
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the  relative  position  of  the  pour  tube  with  respect  to  the  die 
cavity  was  Important  in>  arriving  at  optimized  conditions  for 
producing  ultra- fine  metal  particles. 

Copper  and  iron-based  alloys  were  gas  atomized.  Copper-based 
alloys  are  useful  in  high  thermal  conductivity  situations,  aqueous 
corrosion  conditions  and  high  electrical  conductivity  applications. 
When  alloyed  with  chromium  or  niobium,  the  high  temperature 
strength  of  copper  is  improved.  Iron-based  alloys  are  useful  in 
magnetic  applications,  especially  when  alloyed  with  cobalt  and 
nickel.  The  melting  and  alloying  of  the  base  metal  with  some  of 
the  additional  elements  required  a  careful  selection  of  crucible 
and  stopper  rod  materials,  thermocouples  and  furnace  power 
requirements.  For  Cu-Cr-Ag  alloys,  a  magnesia  crucible  surrounded 
by  a  graphite  susceptor  was  used  to  melt  the  raw  material  charge. 
The  stopper  rod  was  actually  an  alumina  tube  into  which  was  placed 
a  Type  B  thermocouple  which  read  the  melt  temperature.  The  melt 
was  superheated  to  200°C  above  the  melting  point.  The  pour  tube 
was  made  of  BN,  while  the  stopper  rod  seat  was  made  of  MgO.  The 
atomizing  gas  pressure  was  typically  1750  psig. 

Analysis  and  Characterization 

The  gas  atomized  powder  was  characterized  for  particle  size 
distribution,  mean  particle  size,  particle  shape,  appearance  and 
color,  surface  structure  and  chemistry,  crystal  structure  and 
microstructure  and  segregation.  Standard  sieve  analysis  was 
typically  used  to  determine  the  size  distribution.  Appearance  and 
color  were  gauged  visually,  while  scanning  electron  microscopy  was 
applied  to  determine  the  particle  morphology.  Optical  and  electron 
microscopies  were  used  to  determine  the  Internal  and  surface 
microstructures  and  the  mlcrochemlstry.  While  the  optical 
microscope  was  suitable  for  coarser  particles  giving  good  phase 
contrast,  the  SEM  was  essential  in  determining  the  fine 
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microstructural  variations  in  the  ultra -fine  particles.  The  SEM 
was  also  used  to  determine  the  microchemistry  of  the  phase 
constituents  which  gave  an  idea  of  microsegregation  and  the  degree 
of  compositional  homogeneity.  X-ray  crystallography  was  used  to 
determine  the  crystal  structure  of  the  various  phases  in  the 
powder.  Powder  diffraction  data  were  used  to  arrive  at  structures 
which  may  not  be  equilibrium  structures.  These  results  were 
essential  in  determining  the  degree  of  structural  modification  in 
rapidly  solidified  powders  and  the  amount  of  benefits  thus  derived. 
The  feedback  from  the  powder  characterizations  were  used  to 
optimize  the  processing  conditions. 

High  pressure  gas  atomized  Cu-Cr-Ag  alloy  powders  contained 
a  fine  dispersion  of  Cr  particles  in  a  supersaturated  Cu-rich 
matrix.  Although  the  Cu-Cr  phase  diagram  is  a  simple  eutectic,  in 
a  slightly  metastable  state,  a  miscibility  gap  forms.  We  believe 
the  Cr  globules  form  initially  as  a  result  of  a  liquid  phase 
separation  reaction.  As  the  liquid  cools  further,  the  Cu-rich 
matrix  forms.  The  remarkable  aspect  about  this  microstructure  is 
its  high  temperature  stability.  Rapidly  solidified  powders  that 
were  subsequently  hot  isostatic  press  processed  showed  little 
coarsening.  In  addition,  the  consolidated  samples  that  were  swaged 
and  wire-drawn  contained  filaments  of  Cr  that  imparted  strength 
without  sacrificing  conductivity. 

Theoretical  Considerations 

In  addition  to  gas  atomization,  techniques  such  as  counter 
rotating  fluid  atomization  and  rapidly  spinning  cup  atomization 
were  also  studied.  By  either  method,  a  stream  of  melt  was  broken 
down  by  a  rapidly  rotating  wall  of  liquid  quenchant.  The  quenchant 
was  typically  an  oil.  The  velocity  and  the  pressure  gradients  in 
the  oil  acted  to  atomize  the  liquid  stream.  Besides  the  speed  of 
the  cup  that  held  the  quenchant,  the  velocity  with  which  the  melt 
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Impinged  upon  the  quenchant  was  also  studied.  Other  variables  that 
were  investigated  are  atmospheric  pressure,  melt  superheat  and 
alloying  elements.  Besides  finding  conditions  that  produced  the 
finest  particles,  these  atomization  techniques  were  also  used  to 
study  the  melt  breakdown  process.  From  this  analysis,  mechanisms 
could  be  proposed  that  would  lead  to  a  better  understanding  of  the 
melt  disintegration  process,  ultimately  leading  to  the  refinement 
and  development  of  sophisticated  atomization  techniques.  The  goal 
was  to  produce  a  majority  of  particles  in  the  sub-micron  (<1  urn) 
size  range,  because  sub-micron  particles  have  exciting,  new 
properties. 

The  majority  of  this  initial  research  and  development  effort 
was  done  on  pure  tin.  Preliminary  results  of  this  work  were 
published  in  Ref.  1  which  is  attached.  Additional  results  were 
presented  at  international  conferences.  Results  showed  a 
dependency  of  particle  shape  on  melt  superheat  and  particle  size 
distribution  on  outer  cup  speed.  The  inner  cup  speed  had  a 
marginal  influence  on  particle  size.  Along  with  the  spherical 
shape,  long  rods  and  thin  flakes  were  also  observed  in  the  counter¬ 
rotating  fluid  atomized  samples.  We  believe  the  non-spherical 
shapes  are  precursors  of  the  final  spherical  form.  For  example, 
the  edges  of  the  thin  flakes  curl  up  and  form  the  rods  which  break¬ 
down  by  Rayleigh  instabilities  into  spheres.  Under  conditions  of 
low  superheat,  these  intermediate  shapes  were  frozen-in. 

Reference  (Appendix  II) 

(1)  J.  D.  Ayers  and  K.  P,  Cooper,  in  the  Proceedings  of  the 

2nd.  Inti.  Conf.  on  Rapidly  Solidified  Materials,  ASM, 

Metals  Park,  OH,  (1988),  199-206. 
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4.0  CHARACTERIZATION  AND  TESTING  OF  MATERIALS 


CERAMIC  AND  COMPOSITE  MATERIALS 

Introduction 

Porosity  in  ceramic  materials  can  affect  physical  properties 
such  as  tensile  strength,  fracture  behavior  and  piezoelectric 
response.  It  is  believed  that  modifications  induced  by  the  pores, 
or  voids,  in  the  internal  stress  and  electric  field  distributions 
are  responsible.  The  effects  can  be  enhanced  by  deliberate  control 
of  the  size,  shape  and  spatial  distribution  of  the  voids.  In 
particular,  it  has  been  found  experimentally  that  certain  ordered 
arrangements  of  voids  do  not  lead  to  the  expected  degradation  of 
failure  strength.  In  order  to  understand  the  reason  for  this 
behavior  and  hence  to  permit  design  optimization,  a  computer  model 
of  the  system  borrowing  both  from  finite-element  and  molecular 
dynamic  methods,  was  developed.  Essentially,  the  composite 
material  was  modelled  as  a  two-dimensional  assembly  of  regularly 
spaced  mass  points  interacting  via  parametric  pair  forces  selected 
to  match  the  elastic  properties. 

Work  in  the  composites  area  involved  materials  and  process 
development,  theoretical  modelling  and  experimental  testing.  The 
major  thrust  was  the  development  of  novel  diagnostic  methods  for 
the  study  of  the  mechanical  testing  of  small  volume  solid  samples 
and  thin  films  of  composite  materials,  superalloys,  superconductors 
and  compositional ly-modula ted  thin  films. 

Analysis  and  Characterization 

Three  distinct  sources  of  internal  stress  modulation  have  been 
identified  as  follows.  A  uniaxial  applied  stress  is  assumed. 
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(a)  Channelling  Effect.  This  effect  occurs  because 
of  the  need  to  satisfy  the  equilibrium 
condition  that' the  divergence  of  the  stress 
must  vanish.  By  analogy  with  magnetic  flux 
lines,  conservation  of  which  is  a  consequence 
of  an  exactly  similar  constraint,  it  is 
possible  to  define  lines  of  force  which  can  end 
only  at  points  of  loading.  The  density  of  the 
force  lines  defines  the  stress.  The  lines  of 
force  must  be  deflected  to  pass  through  the 
intervoid  channels,  resulting  in  a  higher 
'flux'  density  and  consequent  higher  stress  in 
these  regions.  Examples  are  shown  in  Fig. 
1(a),  in  which  the  tensile  stresses  in  the 
direction  of  the  applied  stress  are  displayed 
as  circles  centered  on  the  particle  positions, 
with  radius  proportional  to  the  magnitude  of 
the  stress.  The  stress  concentrations  in  the 
intervoid  channels  are  clearly  visible. 

( b )  Shape  Effect.  The  action  of  the  external 
stress  in  deforming  the  void  surfaces  causes 
a  stress  concentration  at  the  void  surfaces 
parallel  to  the  stress  direction  in  the  same 
way  that  the  Grif fith-Inglis  mechanism  causes 
a  stress  concentration  at  the  tip  of  a  crack. 
The  stress  concentration  is  always  present, 
but  is  largest  when  the  small  dimension  of  the 
void  is  parallel  to  the  stress  direction  and 
increases  with  increasing  void  aspect  ratio. 
Extreme  examples  are  shown  for  isolated  voids 
in  the  diagrams  of  Fig.  1(b). 

(c)  Boundary  Effect.  The  boundary  conditions  at 
internal  voids  require  that  there  be  no  surface 
stress.  For  uniaxial  stresses  this  means  that 
there  is  a  region  of  depleted  stresses  adjacent 
to  the  void  surfaces  normal  to  the  applied 
tensile  stress.  Examples  of  the  effect  can  be 
seen  in  Fig.  1(c). 


For  a  closely- spaced  array  of  voids,  the  intervoid  spaces 
parallel  to  the  stress  direction  can  be  nearly  stress-free.  This 
implies  that  there  is  no  elastic  energy  stored  in  these  regions; 
this  is  important  for  the  fracture  properties.  The  boundary  effect 
(c)  interacts  strongly  with  the  shape  effect  (b).  The  depletion 
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of  stress  acts  to  relieve  the  tensile  stress  acting  on  each  void; 
the  stress  concentrations' at  the  void  ends,  which  are  proportional 
to  these  tensile  stresses,  are  thereby  also  reduced. 

Our  overall  conclusion  was  that  while  the  internal  stress 
enhancements  can  be  minimized,  it  is  not  possible  to  construct  a 
void  array  without  some  degree  of  stress  concentration.  Therefore, 
in  general,  void  array  composites  are  mechanically  weaker  than 
homogeneous  ceramics.  However,  failure  in  ceramics  is  most 
frequently  nucleated  at  a  surface.  For  a  composite  containing  void 
arrays  there  are  both  internal  and  external  surfaces.  The  internal 
surfaces  are  thermally  smoothed  during  the  firing  process;  external 

9  surfaces,  in  contrast,  are  mechanically  abraded  at  relatively  low 

temperatures  during  component  forming,  and  hence  contain  a  higher 
density  of  microscopic  flaws.  If  the  voids  are  engineered  to 
intersect  the  surface  (Fig.  1(d)),  the  boundary  effect  unloads  the 
surface,  greatly  reducing  the  probability  of  failure  nucleation  at 
the  surface. 

The  reason  for  this  low  probability  of  surface  failure  is  that 
crack  propagation  between  voids  is  strongly  inhibited  by  the  low 
level  of  stored  elastic  energy  in  the  inter-void  regions.  In  order 
for  the  crack  to  propagate,  a  virtual  movement  of  the  crack  tip 
must  be  capable  of  releasing  enouf  energy  to  create  new  surfaces . 
In  the  energy-depleted  areas  between  the  voids  ( e . g .  Fig .  1(d)), 
this  condition  cannot  be  satisfied  and  the  crack  cannot  propagate. 

''''  Hence  the  most  likely  crack  path  lies  through  the  voids.  This 

explanation  has  been  confirmed  by  using  different  inter-particle 
potentials,  each  matching  the  same  elastic  properties,  but  with 
different  surface  energies.  It  has  been  found  that  in  models  with 
lower  surface  energy,  cracks  can  more  readily  penetrate  the  low- 
stress  intervold  regions.  Details  of  the  analysis  are  given  in 
Refs.  1  and  2. 
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DISPERSION  HARDENING  IN  METALS 

Introduction 

The  theoretical  strength  of  a  crystalline  solid  is  of  the 
order  of  one  tenth  of  the  shear  modulus,  a  factor  of  up  to  10^ 
larger  than  the  failure  limits  commonly  observed  in  real  materials. 
The  source  of  the  difference  is  rooted  in  the  properties  of  crystal 
dislocations.  Paradoxically,  dislocation-based  weakness  in 
materials  may  result  from  exceptionally  high  or  low  dislocation 
mobility.  For  metals,  high  dislocation  mobility  and  ease  of 
multiplication  combine  to  cause  plastic  failure  at  low  applied 
stresses.  In  ceramics,  on  the  other  hand,  it  is  the  low  mobility 
of  dislocations  which  prevents  stress  relaxation  at  cracks  and 
permits  failure  by  brittle  fracture  at  relatively  low  stress. 

The  problem,  therefore,  is  to  develop  methods  for  reducing 
dislocation  mobility  in  metals,  and  for  Increasing  it  in  ceramics. 
The  theoretical  study  of  this  requires  the  modelling  of  dislocation 
behavior  on  scales  from  an  atomic  to  a  macroscopic  level .  A 
specific  example  is  the  modelling  of  dispersion  hardening  in 
metals. 
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Analysis  and  Characterization 

It  has  been  known  for  many  years  that  metals  can  be  hardened 
significantly  by  precipitation  of  a  second  phase.  Specific 
strengthening  mechanisms  have  been  identified  and  include: 


(a)  Coherency  strengthening,  caused  by  the  stress 
field  around  a  precipitate  with  a  lattice 
constant  different  from  that  of  the  matrix. 

(b)  Modulus  strengthening,  caused  by  a  difference 
in  elastic  moduli  between  precipitate  and 
matrix. 

(c)  Order  strengthening,  caused  by  the  need  to 
create  an  antiphase  domain  boundary  when  a 
dislocation  passes  through  an  ordered 
precipitate. 

(d)  Stacking  fault  strengthening,  due  to  a 
difference  in  stacking  fault  energy  between 
precipitate  and  matrix. 

(e)  Surface  strengthening,  caused  by  the  creation 
of  new  particle-matrix  interfaces  as  the 
precipitate  is  sheared. 


The  principles  underlying  the  hardening  effect  are  understood 
at  a  qualitative  level.  The  precipitates  act  as  obstacles  to  the 
passage  of  dislocations,  which  must  bypass  the  obstacles  in  order 
for  plastic  flow  to  proceed.  Bypass  can  occur  via  any  one  of  a 
number  of  processes,  depending  on  the  details  of  the  second  phase 
particles  and  the  character  of  the  dispersion.  For  example,  soft 
precipitates  may  be  easily  intersected  by  dislocations.  A  harder 
second  phase  may  require  the  dislocations  to  loop  around  the 
inclusions,  leaving  loops  and  debris  which  can  contribute  to  the 
hardening  effect;  in  this  case  the  precipitates  can  sometimes  fail 
unexpectedly,  leading  to  avalanches  of  plastic  flow  and  cata¬ 
strophic  failure  of  the  material. 
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Quantitative  understanding,  in  contrast,  is  poor,  and  the 
development  of  improved  dispersion-hardened  materials  proceeds  in 
large  part  by  the  slow  and  inefficient  avenue  of  empiricism.  This 
was  understandable  twenty- five  years  ago  when  the  elastic  theory 
of  dislocations  was  insufficiently  advanced  to  treat  the  self  and 
interaction  energies  of  arbitrarily  shaped  dislocations,  and  when 
the  facilities  for  numerical  modelling  were  severely  limited. 
However,  it  is  now  possible  to  develop  formally  self-consistent 
Hamiltonians  for  the  problem  and  to  solve  them  numerically,  making 
possible  a  cost-effective  alternative  to  empirical  experimentation. 

There  are  two  levels  to  the  problem.  At  the  micromechanical 
level,  it  is  necessary  to  understand  the  detailed  interaction  of 
dislocations  with  precipitates  of  different  character,  in  order  to 
categorize  bypass  mechanisms  as  a  function  of  obstacle  characteris¬ 
tics  and  determine  the  associated  critical  parameters.  These 
results  must  then  be  used  at  a  macroscopic  level  to  model  the 
statistical  mechanics  of  dislocation  motion  through  realistic 
distributions  of  dispersed  obstacles. 

We  have  considered  the  interaction  of  dislocations  with  one 
specific  class  of  precipitate,  elastically  coherent  spherical 
inclusions.  The  numerical  method  used  was  adapted  from  molecular 
dynamics  techniques,  treating  the  dislocation  line  as  a  set  of 
discrete  line  segments,  each  moving  according  to  Newtonian  dynamics 
in  the  potential  field  of  the  remainder.  The  advantage  of  this 
approach  is  that  finite  temperatures  and  dynamic  effects  can  be 
simulated.  Examples  of  dislocation  bypass  of  coherent  obstacles 
by  intersection  and  Orowan  looping  are  shown  in  Fig.  2(a)  and  Fig. 
2(b),  respectively.  Fig.  2(a)  shows  successive  equilibrium 
positions  of  the  dislocation  for  an  obstacle-matrix  lattice 
constant  mismatch  of  0.1%  as  the  stress  is  Increased  in  steps  of 
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0.05x„,  where  is  the  line  tension  Orowan  stress,  from  O.lSr^  to 
the  bypass  stress;  non-equilibrium  (dynamic)  configurations  for  an 
applied  stress  O.lXg  larger  than  critical  are  shown  also  (dashed 
lines)  to  illustrate  the  evolution  of  the  bypass  process.  Bypass 
in  this  case  occurs  by  Intersection.  A  larger  mismatch  of  1% 
forces  the  dislocation  to  pass  the  obstacle  array  by  the  Orowan 
process,  leaving  behind  a  loop  which  lies  partly  inside  the 
obstacle  (Fig.  2(b)).  The  equilibrium  configurations  shown  in  Fig. 
2(b)  begin  at  a  stress  of  O.Sr^  and  advance  in  steps  of  0.1  to 
bypass  stress;  subsequent  non-equilibrium  shapes  (dashed  lines)  are 
the  result  of  an  additional  stress  increment  of  O.lx^.  A  detailed 
analysis  of  this  problem  is  given  in  Ref.  1. 


Reference  (Appendix  IV) 


(1)  M.  S.  Duesbery,  N.  Louat  and  K.  Sadananda,  "The 
Interactions  of  Dislocations  with  Coherent  Dislocations", 
submitted  to  the  Phil.  Mag. 


20 


GEO-CENTERS,  INC. 


5.0  MECHANICS  OF  MATERIALS 


Introduction 

Directional  Instability  of  Dynamic  Cracks  in  Materials 

The  instability  associated  with  crack  propagation  occurs  in 
the  form  of  sudden  curving  or  sudden  bifurcation  in  two  or  more 
branches  for  no  apparent  reason.  Answers  to  the  questions  why  it 
is  happening  and  when  it  is  happening  have  been  attempted  by  a  host 
of  investigators  since  the  very  early  days  of  dynamic  fracture. 
The  common  characteristic  of  all  these  approaches  can  be  detected 
to  be  that  they  employ  one  physical  quantity,  which  when  exceeds 
a  critical  value  directional  instability  occurs.  A  plethora  of 
different  quantities  were  introduced  to  be  responsible  (i.e.  crack 
speed,  dynamic  stress  intensity  factor,  energy  release  rate,  strain 
energy  density,  dilatational  strain  energy  density,  etc. )  without 
a  clear  specification  of  which  conditions  were  including  the 
simultaneous  satisfaction  of  conditions  related  to  the  rest  of 
them.  No  negative  experiment  was  ever  reported,  such  as  refutation 
of  the  criticality  or  participation  of  a  given  parameter  would  be 
deducted.  All  theories  were  yield  relatively  accurate  predictions 
for  narrow  classes  of  materials  (i.e.  very  brittle  isotropic  and 
homogeneous  materials  and  in  some  cases  ductile  materials),  and 
they  could  only  be  judged  on  the  basis  of  their  prediction’s 
accuracy  when  compared  with  the  experimental  observations.  No 
assumptions  related  to  the  homogeneity  of  the  material  or  the  non- 
dlsslpative  character  of  the  propagation,  or  the  stochasticity  of 
the  void-particle-crack  interaction  processes  need  to  be  made. 
Traditionally,  introduction  of  this  type  of  assumptions  introduced 
undesirable  redundancy.  In  our  formalization,  the  actual  behavior 
of  the  system  will  "inform"  the  system  via  its  training  process 
what  actually  happens. 
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Non-Linear  Constitutive  Behavior  of  Composites 

Design  needs  for  new  structures,  as  well  as  survivability  of 
existing  ones,  require  a  knowledge  of  the  constitutive  behavior  of 
the  composite  materials  used,  under  the  Influence  of  generalized 
loads,  governed  by  mission  requirements. 

Furthermore,  knowledge  of  the  non-linear  constitutive  behavior 
of  materials  is  important,  not  only  because  it  accounts  for  the 
internal  energy  dissipative  processes,  but  also  because  it  results 
in  a  direct  and  detailed  representation  of  the  progress  of  damage 
in  the  material,  and  accordingly  it  can  be  used  to  assess  the 
failure  characteristics  of  the  given  material-structure 
combinations.  Historically,  the  approaches  taken  to  establish  the 
failure  behavior  of  composites  falls  into  two  radically  different 
categories . 

According  to  the  first  of  the  general  methodologies,  a  model 
idealizing  a  real  structure  is  built.  Then  the  model  is  usually 
enhanced  by  extending  techniques  used  for  metals,  such  as  Linear 
Elastic  Fracture  Mechanics  and/or  continuum  theories.  The  purpose 
of  this  approach  is  to  obtain  a  theoretical  behavior  of  the  model 
such  that  it  will  be  similar  to  that  of  the  actual  physical 
structure  described  by  the  model. 


Furthermore,  because  the  physical  problem  usually  solved  by 
the  model  is  a  very  generic  one,  such  as  a  flat  panel  with  an 
existing  flaw,  the  lack  of  a  procedure  to  extend  the  predictions 
of  the  model  to  real  life  structure  and  conditions  is  present. 
Thus,  these  approaches  are  limited.  The  approach  followed  can  be 
described  as  an  industrialized  way  of  extracting  data  for  the  non¬ 
linear  behavior  of  composites  by  observing,  acquiring  and 
processing  data  from  the  actual  behavior  of  materials.  The 
plethora  of  data  and  the  requirements  for  a  highly  efficient 
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process  requires  the  construction  of  an  automated  research  plant 
meeting  the  above  mentioned  objectives.  This  plant  Is  being 
consisted  by  two  main  components:  The  hardware  (called  the  "In- 
plane  loader  system" )  recreates  actual  loading  conditions  on  the 
materials  and  acquires  the  data;  and  the  software,  which  Is  the 
methodology  used  to  extract  the  non-linear  behavior  of  composites 
from  this  data. 

Theoretical  Considerations 

A  model  introduced  the  concept  of  the  "equivalent  crack 
particle",  in  order  to  describe  both  the  deterministic  aspects  of 
the  propagating  crack  in  a  perfect  continuum,  as  well  as  the 
stochastic  ones  due  to  the  microraechanical  characteristics  of  the 
real  materials.  The  Langevin  equations  of  motion  and  the 
corresponding  Fokker-Planck  equation,  were  derived  for  the  modelled 
and  natural  systems.  A  quantitative  calibration  of  the  model  was 
proposed,  such  as  consistent  to  the  experimental  data  criteria,  and 
the  micromechanical  descriptions  of  the  dynamic  fracture  processes 
introduced  by  previous  investigators,  are  simultaneously  satisfied. 
As  a  result,  a  single  criterion  is  proposed,  which  predicts 
simultaneously  the  location  and  the  angle  of  the  occurrence  of  the 
directional  instability  with  both  deterministic  and  stochastic 
properties  being  incorporated. 

In  addition,  the  propagating  crack  in  a  particulate  composite, 
has  been  treated  as  a  system  to  be  identified,  such  as  a  model  can 
be  built  to  be  used  as  a  predictive  tool.  The  identification 
process  was  applied  in  both  the  space  of  morphology  of  the 
bifurcated  cracks  as  well  as  the  space  of  the  behavior  parameters 
characterizing  the  cracks. 

It  was  shown  that  a  sample  of  topologically  singular 
polynomial  has  all  the  properties  needed  to  capture  the  morphology 
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of  the  crack  after  the  critical  point.  The  isomorphic  relationship 
of  this  polynomial  to  the 'potential  characterizing  the  equilibrium 
of  an  equivalent  particle  was  also  derived. 

The  model  represented  by  this  polynomial  was  trained  to  the 
actual  experimental  results  gathered  by  several  Investigators  in 
the  form  of  a  dif feomorphic  tuning  of  the  coefficients. 

In  order  to  extend  the  modelling  of  such  as  the  stochastic 
character  of  the  particle-matrix  interaction  was  incorporated,  and 
the  Fokker-Planck  equation  has  been  used  to  replace  the  classical 
Langevin  equations  of  motion.  Thus,  the  probability’  density 
distribution  function  for  the  crack  tip  to  be  on  an  exact  path  was 
proposed  to  more  efficiently  capture  the  non-deterministic 
attributes  of  the  crack  propagation. 

A  completely  phenomenological  approach  was  incorporated  to 
identify  the  non-linear  behavior  of  composite  materials.  Failure 
characteristics  of  composite  structures,  were  established  by 
obtaining  the  energy  dissipated  by  the  material  after  exposing  it 
on  a  representative  sub-space  of  the  loading  space  of  all  possible 
combinations.  This  was  achieved  by  utilizing  an  automated 
procedure,  mainly  consisting  of  controlling  and  acquiring  loading 
and  displacement  combinations  applied  by  the  "in-plane"  loader. 
A  theoretical  procedure  was  developed  to  characterize  the  failure 
behavior  of  actual  naval  structures,  by  utilizing  the  constitutive 
behavior  characteristics  established  by  the  "in-plane  loader" 
system.  Application  of  the  process  is  demonstrated  for  different 
naval  structures  made  of  different  materials. 

Analysis  and  Characterization 

It  was  shown  that  the  crack  curving  and  branching  can  be 
derived  as  intrinsic  analytical  properties  of  the  equilibrium 
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dynamics  of  the  crack  system,  provided  that  there  are  non-linear 
terms  in  the  potential  •energy  polynomial  as  a  result  of  the 
dissipative  forces.  Details  of  this  discussion  appear  in  Refs.  1 
and  2. 

A  methodology  was  developed  to  extract  the  constitutive 
behavior  of  composites  such  as  it  can  be  used  in  different  naval 
structures  for  predicting  the  damage  inflicted  by  various  causes 
on  structural  components.  Details  of  the  results  are  given  in  Ref. 
1. 
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High  Damping  Materials  with  Nanometer  Voids 

Theoretical  prediction  of  high  damping  due  to  voids  and  the 
fact  that  damping  is  independent  of  the  size  of  the  voids  which  can 
be  used  to  design  high  damping  materials  with  nanometer  voids.  It 
is  proposed  to  mix  nanometer  sized  particles  of  two  metals;  a 
structural  metal  such  as  iron  or  copper  and  a  soft  metal  such  as 
gallium  or  tin.  The  two  metals  must  be  insoluble  with  each  other 
and  the  volume  fraction  of  the  soft  metal  should  be  small  ( 1%  or 
less).  If  the  thermal  expansion  of  the  soft  metal  is  larger  than 
the  strong  metal ,  the  mixture  should  be  compact  at  some  high 
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temperature  and  cooled  down  to  room  temperature.  Otherwise, 
compact,  at  a  low  temperature  and  vfarm  up  to  room  temperature.  The 
presence  of  the  soft  metal  will  stabilize  the  voids  and  prevent 
them  from  disappearing  by  sintering.  The  soft  metal  should  also 
provide  a  path  for  Interface  diffusion  of  atoms.  If  successful, 
the  result  should  be  a  strong  structure  material  with  large  damping 
With  the  application  of  these  materials,  noise  and  vibration 
reduction  capacity  can  be  Incorporated  into  machinery  designs.  The 
material  can  also  be  used  as  a  substitute  or  replacement  material 
in  machinery  that  has  been  poorly  designed  and  subject  to 
vibration.  In  this  case,  the  vibrational  energy  would  dissipate 
in  the  form  of  heat  in  the  material. 

Disclosure  of  invention  follows  in  Reference  ( 1 ) . 

Compact  Micromechanlcs  Tester 

Under  this  contract,  we  have  developed  a  simple,  inexpensive 
method  to  design  a  compact  micromechanics  tester  to  study  the 
mechanical  properties,  especially  the  Young's  modulus  of  thin 
films,  fibers  and  whiskers.  This  innovative  tester  has  uses  a 
passive  loading  mechanism  which  utilizes  the  thermal  expansive 
properties  of  certain  materials  ( as  opposed  to  active  loading 
mechanisms).  The  main  technical  advantages  are:  (a)  there  are  no 
moving  parts  in  this  tester,  therefore  simplifying  the  design  and 
reducing  the  cost,  (b)  with  the  exception  of  the  elongation 
measuring  device,  no  instrument  is  required  to  apply  the  load,  thus 
the  size  dimensions  of  the  system  are  reduced  dramatically,  and 
(c)  it  is  easy  to  modify  to  different  load  ranges  by  simply 
changing  the  passive  element. 

Disclosure  of  invention  follows  in  Reference  ( 2 ) . 
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Composltionally  Modulated  Thin  Films 

We  have  developed,  modified  and  installed  a  data  acquisition 
and  control  software  for  the  dual  Ion  beam  physical  vapor 
deposition  system.  The  software  was  written  in  C- language  for  the 
AMIGA  PC.  The  computer  controlled  deposition  system  is  equipped 
with  two  broad  beam  ion  guns,  one  for  sputtering  target  materials 
and  the  other  for  substrate  etching  and  ion-assisted  deposition. 
The  target  indexing  assembly  permits  the  sequential  deposition  for 
different  materials.  The  substrate  stage  can  be  rotated 

continuously  and  accommodates  six  one  inch  square  substrates.  The 
substrate  stage  can  be  heated  up  to  600“C  and  titled  with  respect 
to  the  target  source.  The  base  pressure  inside  the  14-inch 
diameter  water-cooled  deposition  chamber  is  2  x  lO'^  Torr.  The 
system  is  designed  especially  for  the  processing  of 
compositionally-modulated  thin  films  of  few  hundred  layers  and 
wavelength  can  be  as  small  as  few  nanometers.  Some  superlattice 
compositionally  modulated  Cu-Ni,  Fe-Ni  films  have  been  synthesized 
and  confirmed  by  x-ray  satellite  peaks. 

Three-Dimensional  Stresses  in  a  Half-Space  Due  to 

Axi symmetrical  Ellipsoidal  Inclusion 

We  have  developed  an  innovative  method  for  solving  the 
axisymmetric  elastic  fields  in  the  half -space  with  an  isotropic 
ellipsoidal  inclusion  or  an  ellipsoidal  inhomogeneity.  The 
application  of  this  method  has  significant  implications  in  the 
study  of  the  mechanical  behavior  of  materials  such  as  the  fracture 
and  fatigue  of  polycrystalline  and  composite  materials.  This  new 
approach  Involves  the  application  of  the  Hankel  transformation 
method  for  prismatic  dislocation  loops  and  Eshelby's  solution  for 
ellipsoidal  inclusions.  Solutions  for  inclusions  with  pure 
dilatation  misfit  in  a  half-space  are  shown  to  be  special  cases  of 
the  present  more  general  solution.  Closed- form  solutions  of  the 
elastic  field  for  both  the  inclusion  with  nonshear  elgens train  and 
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the  penny  shape  crack  In  half-space  have  been  obtained.  This  new 
approach,  which  provides  the  solution  of  three-dimensional 
axl symmetric  problems  from  a  two-dimensional  formulation,  can  also 
be  used  In  other  potential  function  related  problems  In  the  half- 
space. 

The  elastic  solution  for  ellipsoidal  Inclusion  with  shear 
elgens train  In  the  half -space  are  obtained  by  the  combination  of 
present  Innovative  method  and  Mindlin's  point  force  method. 

A  copy  of  the  NRL  Report  9134  for  the  penny  shape  inclusion 
and  a  copy  of  the  paper  for  inclusion  in  general  ellipsoidal  shape 
with  nonshear  elgenstraln  which  had  been  accepted  by  the  Journal 
of  Applied  Mechanics,  and  are  incorporated  herein. 

Elastic  Constants  of  Films  Detenained  by  the  Indentation  Test 

-  Theoretical  Considerations 

The  elastic  solutions  of  axisymmetric  mixed  boundary  value 
problems  have  been  examined.  It  Is  assumed  that  an  elastic  film 
is  either  in  smooth  contact  or  perfectly  bonded  to  a  semi-infinite 
elastic  half-space  along  its  plane  surface.  The  elastic  field 
caused  by  indentation  of  the  elastic  layer  by  a  rigid  punch  is 
solved  for  spherical,  conical  and  flat-ended  cylindrical  punches. 
The  results  are  obtained  by  solving  a  Fredholm  integral  equation 
of  the  second  kind  with  a  continuous  symmetrical  kernel  which 
depends  on  the  bonding  conditions.  Numerical  results  are  given  for 
different  elastic  moduli  of  both  film  and  substrate,  and  layer 
thickness  for  each  indenter  shape.  This  provides  a  guideline  for 
choosing  the  appropriate  film  thickness  and  substrate  properties 
to  determine  the  elastic  constant  of  thin  films  by  the  indentation 
test.  This  elastic  constant  plays  an  important  role  in  the  study 
of  the  mechanical  properties  of  composite  materials.  The  solution 
of  the  elastic  field  at  the  film /substrate  interface  can  also  be 


28 


GEO-CENTBRS,  INC. 


used  to  study  the  debonding  behavior  in  composites.  Additionally, 
these  results  are  applicable  to  the  design  of  columns  on  elastic 
foundations . 

A  copy  of  the  NRL  Report  9168  is  attached.  A  condensed  paper 
will  be  submitted  to  the  Journal  of  Mechanics  and  Physics  of 
Solids. 

Reports  and  publications  are  given  in  References  (3)  to  (5). 
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Phase  Transformations  and  Strength  of  Materials 
This  portion  of  the  research  and  development  effort  involved 
the  utilization  of  mathematical  models,  which  were  used  to  predict 
the  strength  and  toughness  of  materials.  Accordingly,  this 
research  was  concerned  with  questions  regarding  crystal  morphology 
on  the  one  hand  and  work  hardening  consequence  on  plastic 
deformation  on  the  other  hand.  Specific  questions  elucidated  were: 
the  contributions  to  strength  from  the  presence  of  interfaces  as 
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compared  and  contrasted  to  those  from  other  sources  such  as 
dispersed  particles;  the  ;Lnhlbltlon  of  grain  growth  (depletion  of 
Interfaces)  by  solute  atoms  and  by  precipitate  particles;  and  work 
hardening  as  It  relates  to  fracture.  Apart  from  their  general 
applicability  to  material  properties  the  results  of  this  research 
will  In  particular  bear  directly  on  the  development  of  super 
strength  alloys  for  use  at  high  temperatures  as  in  gas  turbines. 
Details  of  the  research  work  are  given  in  Refs.  1  to  8.  As  the 
references  indicate,  the  work  has  covered  a  considerable  range  of 
Interest  to  the  Navy's  materials  program. 
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High  Temperature  Materials 

In  the  high  temperature  materials  area,  work  was  confined  to 
the  analysis  and  summary  of  high  temperature  testing  data  on 
several  engineering  alloys.  Details  of  the  fatigue  and  crack 
growth  behavior  of  a  couple  of  alloys  are  summarized  in  Refs.  1  and 

2. 
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Applied  Ceramics  and  Composites 

This  portion  of  the  research  effort  concentrated  on  developing 
new  high  temperature  superconductors  and  on  developing  new 
processes  of  forming  high  temperature  superconductors.  Fabrication 
of  powder,  coatings  and  thin  films  were  some  of  the  processes 
explored.  Details  of  the  research  work  are  given  in  Refs.  1  to  3. 
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ABSTRACT 

By  the  laser  melt/particle  injection  process,  an  in  situ 
composite  surface  layer  of  particulate  material  in  a  matrix  made  up  of 
the  parent  metal  is  formed.  The  particles  are  usually  metal  carbides 
which  makes  the  injected  surface  layer  hard  and  wear  resistant.  In 
this  paper,  the  processing  technique  and  the  microstructures  obtained 
are  described.  In  addition,  the  hardness  and  wear  characteristics  of 
the  modified  surface  are  discussed. 

1.  INTRODUCTION 

Lasers  are  used  extensively  to  modify  metal  surfaces  to  enhance 
resistance  to  wear,  friction,  corrosion  and  high  temperature 
oxidation.  Laser  heat  treatment,  laser  melting,  laser  alloying  and 
laser  cladding  are  the  various  established  techniques  availcible  for 
surface  modification.  Their  selection  depends  upon  the  material  being 
treated  and  the  specific  application  that  one  has  in  mind.  For 
example,  cast  irons  and  some  steels  are  easily  laser  heat  treated  for 
surface  hardening  and  wear  resistance^.  Laser  alleging  of  low  carbon 
steels  with  chromium  enhances  corrosion  resistance^.  Laser  cladding 
with  Ni-Cr-WC  improves  the  wear  resistance  of  steels^,  while  laser 
cladding  with  Ni-Fe-Cr-Al-Hf  improves  the  high'  temperature  oxidation 
behavior  of  nickel-base  superalloys^ . 

In  laser  cladding,  since  the  clad  layer  is  necessarily  of  a 
different  material  than  the  substrate,  the  properties  of  the  modified 
surface  will  not  reflect  those  of  the  substrate.  For  example, 
although  a  hardfacing  alloy  would  improve  the  wear  resistance  of  a 
nickel-base  alloy,  it  may  fail  in  a  corrosive  environment.  The  laser 
mel t/particle  injection  process  was  developed  to  improve  properties 
such' as  wear  resistMce  while  retaining  substrate  properties  such  as 
corrosion  resistance^.  It  is  also  one  of  the  few  means  available  to 
improve  the  wear  resistance  of  alloys  that  are  difficult  to  harden  by 
conventional  means,  for  example,  aluminum  alloys^.  In  laser  alloying, 
the  material  added  to  the  substrate  melt  dissolves  completely  to  form 
an  alloyed  surface.  In  laser  cladding,  the  material  added  fuses 
against  the  substrate  with  the  least  amount  of  dissolution  or 
dilution.  in  laser  melt/particle  injection,  high  melting  particles 
such  as  carbides  are  forcibly  entrained  into  the  laser  melt  pool  so 
that  upon  solidification,  a  particulate  composite  surface  forms  wibh-S 
matrix  that  is  of  a  composition  similar  to  the  base  metal^'  . 
Neither  fusion  nor  complete  dissolution  of  the  particles  into  the  melt 
Occurs.  The  presence  of  the  carbide  particles  increases  hardness  and 
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wear  resistance,  while  the  matrix,  which  is  structurally  continuous 
with  the  substrate,  retains  much  of  the  properties  of  the  base  metal. 
Such  a  surface  would  be  suitable  for  applications  involving  a  high 
wear  and  corrosive  environment. 

2.  LASER  MELT/PARTICLE  INJECTION  PROCESSING 

A  schematic  diagram  of  the  laser  melt/particle  injection  process 
is  given  in  Figure  1.  A  shallow  melt  pool  was  formed  on  a  translating 
substrate  by  a  high  power  W,  CO2  laser  beam.  The  slightly  off-focus 
beam  melted  a  2  to  3  mm  wide  layer.  Wider  melt  susses  were  made  by 
oscillating  the  laser  beam  using  a  dithering  mirror^.  A  copper  nozzle 
with  a  slotted  opening  injected  the  carbide  particles  into  the  melt 
pool.  Upon  solidification,  the  carbide/melt  mixture  formed  the 
injected  layer.  The  width  of  the  melt  pass  was  controlled  by  varying 
the  laser  beam  oscillation  amplitude.  By  this  means,  injected  layer 
widths  from  4  to  20  mm  were  produced.  Laser  power  levels  of  8  to  10 
kW  were  used  and  the  S2unple  translation  velocities  were  varied  from 
0.25  to  1.5  cm  sec”^  depending  upon  the  width  of  the  melt  pass. 
Typically,  the  injected  layers  were  1.0  to  1.5  mm  thick.  The  powder 
particles  were  carried  by  helium  gas,  which  not  only  served  to  propel 
them  but  also  to  keep  them  from  heating  to  fusion  as  they  travelled 
through  the  laser  beam.  Particle  size  distributions  of  45-7  5  \am  and 
75-150  urn  were  used.  Finer  particles  overheated  and  dissolved 
excessively  into  the  melt  pool.  Coarser  tended  to  clog  the  delivery 
line  and  were  difficult  to  drive  into  the  melt  pool. 


Figure  1.  Schematic  diagraun  of  the 
laser  mel t/particle  injection 
process. 


-  A  cross-section  of  the  injected  layer  in  a  WC  injected  Inconel 
625  alloy  sample  appears  in  Figure  2.  The  layer  is  a  particulate 
ccmtposite  in  which  the  WC  particles  appear  as  light  grains  which  are 
surrounded  by  the  grey  Inconel  metal  matrix.  The  carbide  particles 
appear  uniformly  distributed  throughout  the  injected  layer  occupying  a 
volume  fraction  of  about  0.5.  Since  a  portion  of  the  melt  is 
displaced  by  the  particles,  the  excess  material  appears  as  the 
mounding  above  the  sample  surface.  The  mounding  and  the  penetration 
depth  make  up  the  layer  thickness^  These  three  dimensions  and  the 
carbide  volume  fraction  can  be  controlled  by  carefully  selecting 
processing  parameters  such  as  sample  translation  rate,  laser  power  and 
powder  feed  rate.  Composite  surface  layers  can  also  be  produced  by 
adding  particulate  mixtures  of-  carbide  and  met.al  using  methods  such  as 
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plasma  transferred  arc°  and  laser  cladding-’.  But  there  are  problems 
associated  with  feeding  mixtures  of  powder  of  varying  density.  Also, 
with  laser  cladding,  the  carbide  volume  fraction  in  the  overlay  is 
usually  small^,  ed>out  0.15  to  0.2. 


Figure  2.  SEM  micrograph  of  cross-section  of  WC  injected  Inconel  625. 

The  influence  of  processing  parameters  such  as  Scunple  translation 
rate,  laser  power  and  powder  feed  rate  on  inj  ected  layer 
characteristics  was  investigated  for  TiC  injected  Ti-6A1-4V®.  In  this 
Study,  each  parameter  was  varied  keeping  the  other  two  constant. 
Increasing  the  sample  translation  rate  decreased  the  injected  layer 
dimensions.  This  happens  because  higher  sample  speeds  reduce  the 
laser  energy  density  needed  to  melt  the  surface.  The  flowing 
particles  assisted  in  coupling  the  laser  beam  to  the  seunple  surface, 
but  when  the  sample  translation  rate  was  too  rapid,  this  coupling  did 
not  occur  and  an  injected  layer  could  not  be  formed.  While  having  no 
effect  on  the  mounding,  increasing  the  laser  power  increased  the 
penetration  depth  and,  hence,  the  thickness  because  a  larger  volume  of 
the  surface  was  melted.  Since  the  same  quantity  of  powder  was  fed 
into  a  progressively  larger  volume  of  melt,  the  carbide  volume 
fraction  decreased.  Increasing  the  powder  feed  rate  had  no  effect  on 
penetration  depth,  but  increased  the  mounding  and,  hence,  the 
thickness  because  more  and  more  particulate  material  displaced  the 
fixed  volume  of  melt.  This  also  increased  the  carbide  volume 
fraction,  but  to  a  limit  of  2d?out  0.6.  Beyond  this  limit,  the  melt 
just  dissolved  the  excess  carbide.  Although  the  powder  feed  rate 
could  be  varied  to  obtain  different  volume  fractions  of  the  hard 
phase,  typically  feed  rates  of  about  40-50  mm^  sec“^  were  employed  to 
give  a  consistent  volume  fraction  of  about  0.5. 

3.  STRUCTURAL  MODIFICATION 

As  shown  in  Figure  2,  the  major  surface  modification  is  in  the 
form  of  a  particulate  composite.  The  matrix  in  the  injected  layer  is 
structurally  continuous  with  the  substrate.  This  gives  the  process  a 
couple  of  unique  advantages.  One  is  strong  metallurgical  bonding 
throughout  the  surface  layer  and  the  other  continuity  of  properties  at 
the  layer/substrate  interface.  This  helps  in  preventing  delamination 
and  in  retaining  substrate  properties. 

Ideally,  the  particle  injected  surface  should  consist  of  hard 
particles  surrounded  by  a  metal  matrix  having  the  same  composition  and 
microstructure  as  the  base  metal.  Such  a  structure  was  obtained  in 
aluminum  alloys  that  were  injected  with  TiC^^^  In  high  melting  alloys 
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.  lik.e  those  based  on  Pe»  Ni  and  Ti,  the  melt,  temperatures  are  high  and 
partial  dissolution  of.  the  carbide  particles  into  the  melt  occurs.  As 
a  result,  several  resolidification  products  form  from  the  carbide 
enriched  melt.  In  addition,  depending  upon  the  base  metal  and  the 
solidification  rates,  othex  structural  modifications  occur.  For 
example,  transformation  products  such  as  martensite  form  in  tool 
steels,  fine  grain  structures  in  aluminum  bronze,  supersaturated  solid 
solutions  and  precipitation  reaction  products  in  stainless  steels^^. 


(c)  (d) 


Figure  3.  SEM  micrographs  of  microstructures  in  particle  injected 
Inconel  625.  a)  WC  injected,  eutectic  carbides.  b)  WC  injected, 
resolidified  carbides.  c)  TiC  injected,  eutectic  carbides.  d)  TiC 
injected,  resolidified  carbides. 

The  metal  matrix  is  cellular,  as  in  Ti-6A1~4V,  or  dendritic,  as 
in  Inconel  625^  .  Within  the  metal  matrix  are  found  eutectic  phases 
and  resolidified  carbides,  the  products  of  carbide  dissolution. 
Examples  of  microstructures  obtained  in  WC  and  Tic  injected  Inconel 
625  alloy  samples  appear  in  Figure  3,  The  eutectic  phases  occur  in 
the  inter-dendritic  regions  of  the  Ni-rich  dendrites  and  have  been 
Identified  to  be  complex  carbides^^.  Eutectic  carbides  have  an 
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APPENDIX  I 


Improving  the  wear  resistance  by  forming  hard  metal  matrix-ceramic 
composite  surface  layers 
Khersh^  P.  Codper 

Cei^Ctniers,Jnc..^iUi>ni  Maryland .20746 
(Received  4  April  198^  accepted  9  May  1986) 

Using  an  oscillating  high  energy  laser  beam,  wide  melt  pods  were  formed  on  the  surface  of 
Inconel  625  alloy  samfdes.  Metal  carbide  particles,  such  as  WC  and  TiC,  were  injected  into  the 
melt  to  form  bard  metal  matrix-ceramic  composite  layers  upon  solidification.  The  injected  layers 
were  uniformly  distribated  in  the  carbide  (diase  but  exhibited  variations  in  microstructure  and 
mkndurdncss.  These  variations  were  a  result  of  carbide  dissdution  which  depended  upon  the 
type  of carbide  and  the  thermal  conditions  within  the  melt  pool.  The  wear  behavior  of  the  injected 
surfiwe  urns  chaneterixed  by  coefficient  offnction.f/i^)  measurements.  In  contact  with  a  hard 
52100sted  ball,  the/i^  values  of  the  treated  surface  varied  from  0.33  to  0.44  after  a  series  of  cycles. 

This  compared  with  a  value  of  0.7  for  the  untreated  surface.  Observed  wear  modes  included 
matrix  abrasion  and  wear  debris  deposition,  the  extent  and  nature  of  which  depended  upon  the 
matrix  microhardness  and  the  wear  mechanism.  The  effects  of  carbide  type  and  size  on  friction 
wear  behavior  of  Inconel  625  are  also  discussed.  Results  show  that  Inconel  625  injected  with  45- 
75 /tm  WC  performs  best  under  sliding  friction  conditions. 


I.  INTRODUCTION 

A  technique  for  enhancing  the  wear  resistance  of  metals  is  to 
form  hard  composite  surface  layers.  This  is  achieved  by  im¬ 
pregnating  ceramic  particles  into  the  surface  by  the  laser 
melt-particle  injection  process.  Besides  hardening  the  sur¬ 
face,^  particle  injection  was  shown  to  improve  abrasion  and 
erosion  wear.*  A  method  for  evaluating  the  tribological 
properties  of  a  treated  surface  is  to  conduct  coefficient  of 
friction  measurements.  Extensively  used  to  study  ion  im¬ 
planted  surfaces,*  this  laboratory  scale  test  is  sensitive  to 
changes  in  the  surface  microstructure  and  properties,  mak¬ 
ing  it  a  suitable  test  to  evaluate  the  relative  merits  of  the 
various  injected  species. 

II.  EXPERIMENTAL  PROCEDURES 

A.  Laser  melt-particte  Injection  processing 

Inconel  623  alloy  samples  were  injected  with  WC  and  TiC 
particles  of  45-75  /rm  and  75-150 /im  size  ranges.  Table  I 
gives  the  material  properties.  A  10  kW,  CW  COj  laser  beam, 
oscillating  with  a  frequency  of  1 10  Hz,  was  used  to  form  8- 
12  mm  wide  melt  passes  on  a  moving  substrate.  In  order  to 
get  a  thick  ( 1-2  mm)  injected  layer,  relatively  slow  sample 
scan  rates,  0.5-0.75  cm  s“ ',  were  selected.  The  powder,  fed 
at  rates  of  0.35-0. 5  cm*  s" ',  was  carried  by  helium  gas  flow¬ 
ing  under  a  pressure  of  35-85  kPa.  Higher  powder  feed  rates 
and  lower  gas  pressures  were  necessary  when  injecting  the 
lighter  TiC  particles.  Two  conical  spray.s,  formed  by  a  dual 
injection  nozzle,  uniformly  distributed  the  powder  over  the 
melted  region,  figure  1  shows  a  schematic  representation  of 
the  process.  Processing  details  appear  elsewhere.'* 

B.  Evaluation  of  the  Injected  surface 

Cross  sections  of  the  injected  layers  were  examined  for 
Mibide  disiribution,  and  the  extent  of  microsiructural  modi- 
^aiion  within  the  solidified  melt  pool.  Furthermore,  the 
structures  were  characterized  for  carbide  volume  fraction. 


superficial  hardness,  and  Vickers  ( 100  g)  microhardness.  A 
"stick-slip”  machine,  described  by  Singer  et  al.*  was  used  to 
measure  the  kinetic  coefficient  of  friction  between  a  1.27  cm 
diam  52100  steel  ball  and  the  treated  sample  surface.  The 
tests  were  performed  dry  at  298  K,  employing  a  slider  veloc¬ 
ity  of  0.01  cm  s~  ’  and  a  slider  pressure  of  9.8  N.  Up  to  15 
passes  were  made  in  the  same  track.  Additionally,  the  da¬ 
maged  surface  was  evaluated  for  the  type  and  extent  of  wear. 

III.  RESULTS 

A.  Injected  layer  characteristics 

Cross-sectional  views  of  the  surfaces  injected  with  the  45- 
75//m  size  carbides  arc  shown  in  Fig.  2.  The  structures  show 
a  uniform  distribution  of  the  carbide  phase,  occupying  about 
50%  of  the  total  volume.  On  the  microscopic  scale,  a  variety 
of  microstructures  were  observed  in  the  injected  samples, 
examples  of  which  appear  in  Fig.  3.  In  all  cases  the  interpar- 
ticlc  matrix  consisted  of  (Ni)-rich  dendrites  with  a  complex 
interdendritic  eutectic  phase.  Figs.  3(a)  and  3(c).  Addition¬ 
ally,  dendritic  resolidified  carbides  appeared  in  the  matrix, 
Figs.  3(b)  and  3(d).  Matrix  microhardness  readings  along 
the  thickness  of  the  injected  layer  are  plotted  in  Fig.  4.  Mi¬ 
crohardness  trends  show  an  increase  with  thickness,  the 
magnitude  of  which  is  a  function  of  the  type  of  carbide  and 
the  particle  size. 


Table  I.  Malerials  and  properties. 


Maietial 

Density 

(gem"’) 

Therm.ll 

dithnivity 

(cm's"') 

Free  energy 
of  rorihalion''' 
(caig-') 

Hardness 

(HV) 

WC 

15.63 

0.69 

-  43 

)?!()() 

TiC  , 

4.93 

0.132 

-  660 

.3000 

1625 

8.44 

0.029 

300 

•At  l77iK. 
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LASER  MELT  -  PARIlClC  INJCCIIOR  PROCESS 


Fic.  I.  Schematic  repetsen* 
lation  of  the  laser  meh-par- 
lick.injectiqn  process. 


B.  Coefficient  of  frtetioh  mcasursihents 

Trends  in  the  coefficient  of  friction  (/i,^ )  as  a  function  of 
the  number  of  passes  am  graphically  presented  in  Fig.  5.  In 
most  cases, /is  increased  to  a  oonstent  value  after  a.  certain 
number  of  cycles.  The  increasing  rate,  defined  in  Table  II  as 
the  pass  number  St  which  mazimnm/ia  is  reached,  d^ended 
upon  the  earhkfe  typeand  the  partiele  size.  Table  II  summar* 
izes  the  friction  test  results  and  also  gives,  for  comparison, 
the  surface  hardness,  matriz  microhardness,  and  carbide 
volume  fraction. 

Examples  wear  scars  are  given  in  Figs.  6  and  7.  Matrix 
abrasion  in  the  WC  injected  sample  was  mild.  Fig.  6(a), 
compared  to  that  in  the  TiC  injected  sample,  Fig  7(a).  In 
WC  injected  samples,  some  of  the  cartndes  appeared  to  have 
fractured  under  the  stress  of  the  steel  slider.  Fig  6(a).  In 
some  cases  wear  debris  was  observed  along  the  cracks,  indi* 
cated  by  arrows  in  Fig  6(b).  The  debris  appeared  as  thin 
films,  not  only  on  the  carbide  surface,  but  also  on  the  matrix 
and  along  the  carbide-matrix  interface.  Fig  6(c).  Selected 
area  diffraction.  Fig.  6(d),  of  the  wear  debris  revealed  the 
presence  of  iron.  Besides  matrix  abraskm  in  the  TiC  injected 
sample.  Fig  7(a),  an  abundance  of  wear  debris  was  found 
spread  over  the  surface.  Selected  area  diffraction  of  the  de¬ 
bris  revealed  iron  and  Inconel  625  alloying  elemental  peaks. 
Fig  7(b). 


Fic.  J.SEMmiciotnpb*  of  injected  sunples.  (>)WC— eutectic  phase,  (b) 
WC— resolidiBedewhides.  (c)  TiC— eutectic  phase,  (d)  TiC— resofidifio 
carbides. 


IV.  DISCUSSION 

In  spite  of  the  vast  density  difference  between  WC,  TiC, 
and  Inconel  625  (see  Table  I),  it  is  evident  from  the  struc¬ 
tures  presented  in  Fig  2  that,  under  the  right  proc^ng 


conditions,  the  particles  can  be  made  to  distribute  uniform];' 
throughout  the  cross  section.  But  a  variety  of  microstruc 
tures  were  observed  in  the  injected  samples  due  to  the  disso¬ 
lution  of  the  carbide  phase  into  the  melt.  The  dissolution  rate 
depended  upon  the  type  of  carbide,  particle  size,  and  th< 
thermal  conditions  prevailing  in  the  melt  pool.  Examining 


ti*> 


Fw.  2.  Injected  hyer  Mrueinrcs  of  samples  licMed  with  4J-75  size 
particles;  (a)  WC,  (b)  TiC. 


FlO.  4.  Malria  mkrobardness  relative  lo  hose  metal  as  a  funciion  of  Ibi 
Ibkkiiess  of  Ibe  injeclcd  l.ryer.  liasr  mrl.nl  micruhartlncsx  is  2110-305  II V. 


2859 


2859  Kberehed  P.  Cooper  Improving  the  wear  resistance  by  iormlng  hard  composite  surlace  layers 


Fig.  S.  CdeScMnt  offnction  as  a  ftiaclioa  of  the  number  of  passes. 


the  carbide  morphologies  in  Figs.  3(b)  and  3(d),  it  is  evi¬ 
dent  that  a  higher  degree  of  melt  interaction  occurred  with 
WC  than  with  TiC  WC  particles  show  growth  perturba¬ 
tions,  while  the  TiC  particles  are  smooth  and  featureless. 
Higher  thermal  diffusivity  and  lower  free  energy  of  forma¬ 
tion  (Table  I)  favored  WC  dissolution  over  TiC  dissolution. 

That  the  dissolution  process,  however  limited,  occurs 
throughout  the  melt  is  evident  from  the  modification  of  the 
matrix  microstructure  throughout  the  injected  layer.  In  non- 
injected,  laser  remelted  Inconel  625,  the  structure  is  essen¬ 
tially  single  phase  dendritic  (Fig.  8),  with  no  evidence  of 
interdendritic  precipitation.  In  injected  samples,  secondary 
phases  formed  as  interdendritic  eutectic  mixtures  upon  so¬ 
lidification.  The  eutectic  morphology  in  WC  treated  samples 
appears  irregular  in  the  scanning  electron  microscope 
(SEM)  micrograph.  Fig.  3(a),  but  transmission  electron 
microscopy  (TEM)  analysis  revealed  small  lamellar  eutec¬ 
tic  colonies.^  The  interdendritic  eutectic  phase  in  TiC  inject¬ 
ed  samples  is  also  lamellar  and  is  easily  resolved  in  the  opti¬ 
cal  micrograph  of  Fig.  9.  In  addition  to  the  eutectic  phase, 
resolidified  carbides  were  found  in  the  matrix,  but  mostly  in 


the  upper  region  of  the  injected  layer.  Being  closer  to  the 
laser  beam,  the  upper  portion  of  the  melt  is  the  hottest  and, 
hence,  would  experience  the  greatest  amount  of  dissolution. 
Carbide  dissolution  occurs  by  a  liquation  process,  which  is 
usually  promoted  1^  idloying  of  the  carbide  surface.^  The 
perturb«l  carbide  surface  shown  in  Fig.  3(b)  supports  this 
dissolution  mechanism. 

Examining  the  microhardness  trends  in  Fig.  4,  it  is  evident 
that  WC  di^lution  has  a  much  stronger  influence  (1.7- 
1.9xbase  metal)  on  matrix  hardening  than  TiC  dissolution 
( 1.0S-1.2X  ).  The  exact  reason  for  this  contrasting  behavior 
is  not  known,  but  the  composition,  the  size,  and  the  spacing 
of  the  eutectic  phase  may  determine  the  degree  of  hardening. 
The  occurrence  of  resolidified  carbides  hardens  the  matrix 
even  more,  1.2-1.3X  in  WC  injected  samples,  and  1.33- 
1.4X  in  TiC  injected  samples.  Finely  dispersed  throughout 
the  matrix,  resolidified  cartndes  probably  harden  the  matrix 
by  a  dispersion  hardening  mechanism.  Greater  matrix  hard¬ 
ening  occurs  with  the  finer  sized  particles  compared  to  that 
with  the  coarser  ones,  but  mostly  in  the  upper  regions  of  the 
injected  layer.  luner  particles  offer  a  larger  surface  area  for 
melt-carbide  reactions,  thereby  facilitating  dissolution.  The 
increase  in  hardness  due  to  particle  size  is  modest,  1.06X  for 
WC  and  1.1 1 X  for  TiC,  rejecting  a  particle  size  reduction 
from  an  average  of  1 12-60 ;rm.  It  is  important  to  determine 
the  microstructure  and  microhardness  trends  along  the 
thickness  of  the  injected  layer.  Since  a  portion  of  the  injected 
layer  is  removed  to  form  a  flat  surface,  the  structure  and 
hardness  of  the  matrix  at  that  level  will  determine  properties 
such  as  wear  and  corrosion. 

The  reduction  in /r*  and  wear  scar  width  (Table  11 )  dem¬ 
onstrates  the  effectiveness  of  carbide  injection  in  reducing 
friction  wear.  Since  the  surface  hardness  (HRC)  and  car 
bide  content  are  nearly  the  same  for  all  treated  samples  (set 
Table  II),  the  response  of  the  injected  surface  to  the  frictior 
test  will  depend  upon  factors  such  as  matrix  microstructurt 
and  microhaidness.  Theft*  curves  of  Fig.  5  show  increasing 
trends  at  different  rates  to  a  constant  value.  The  rate  of  in 
crease  in /t*  appears  to  depend  upon  particle  size  and  type  ol 
carbide.  Since  friction  between  carbide  and  steel  is  minimal 
the  increase  in  ft*  is  mostly  due  to  friction  between  the  ma- 


Table  II.  Friction  test  results. 


Carbide 

Hardness 

/ 

P;iss 

No.‘ 

Sv  .If 
widlh'' 
/im) 

Type 

Size 
( /fm) 

Vol. 

Tract. 

(HRC-) 

(IIV") 

1 

'pas.s 

J5 

passes 

Untreated 

20 

292 

055 

0.72 

1 

300 

WC 

60 

0.47 

51 

618 

015 

0.33 

15 

90 

WC 

112 

0.5 1 

54 

605 

0.19 

0.41 

8 

100 

TiC 

Ml 

0.50 

49 

516 

0.15 

0.41 

10 

SO 

liC 

112 

l).4X 

4.1 

406 

0.17 

044 

4 

150 

*  Of  composite. 

"Of  iiiiiiris. 

'  When  masimum  /<,  is  reached. 

■'Al'ler  I.SpiiNM-s 
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I'Ki.  6.  Wear  modes  in  WC  injected  samples,  (a)  Malris  wear  and  caihidc 
cracking  (arrows),  (b)  Debris  (arrows)  along  cracks,  (c)  Wear  debris,  (d) 
x-ray  energy  dispersive  spectra  (EDS)  of  debris  in  (b),  dark  spectrum  is  of 
the  unalTected  carbide. 


irix  ulul  ihc  steel  slitier.  Since  (he  carbides  iK'cupy  50%  oi  l  he 
total  volume,  the  interparlicle  spacing  is  of  the  order  of  a 
particle  diinetisioii.  Hence  coarser  particles  allow  more  slid¬ 
er-matrix  contact,  thereby  increasing  the  rrictioii,  while 
finer  particles  allow  less  contact,  Ihcrcby  reducing  Ihc  Trie- 


Fig.  7.  Wear  modes  in  TiC  injected  samples,  (a)  Matrix  wear  and  wear 
debris,  (b)  EDS  of  debris  at  arrow  in  (a),  dark  spectrum  is  of  the  unaffected 
carbide. 


tion.  Within  the  same  size  distribution,  rises  less  rapidly 
over  the  entire  test  in  the  case  of  the  harder  WC  injectec' 
matrix  than  the  softer  TiC  injected  matrix.  In  fact,  the  hard 
er  (600  HV)  WC  injected  matrix.  Fig.  6(a),  showed  little 
damage,  ccimpared  to  the  softer  (500  HV)  TiC  injected  ma¬ 
trix,  Fig.  7  ( a ) .  This  was  true  in  spite  of  the  presence  of  resol  i 
dified  carbides  in  the  sample  injected  with  the  finer  TiC.  TIiIn 
means  that  even  though  resolidified  carbides  harden  the  ma¬ 
trix,  they  do  not  necessarily  minimize  wear. 

The  increasing trend  is  not  solely  due  to  matrix  wear 
Slider  wear  can  also  contribute  to  the  increasing  t  rend.  With 
a  hardness  of  60  HRC  or  7(X)HV,  the  steel  slider  is  consider 


rii>.  S  OpiK'iil  itiK'iogriiph  <)f  liiscr  mm'lliHl  litonu'l 
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FiC.  9.  Optical  micrograph  showing  eutectic  phase  in  a  TiC  injected  sample. 

ably  softer  than  the  hard  carbides  (Table  I).  Furthermore, 
slider  wear  is  compounded  by  the  presence  of  pre-existing 
cracks  and  cracks  formed  during  testing.  The  occurrence  of 
slider  debris  along  cracks  (Fig.  6(b)]  and  along  carbide 
edges  [Fig.  6(c)  ]  supports  this  mechanism.  While  the  wear 
debris  in  WC  injected  samples  is  composed  mostly  of  slider 
material  [Fig.  6(d) ],  the  wear  debris  in  TiC  injected  sam¬ 
ples  is  a  mixture  of  matrix  and  slider  material  [Fig.  7(b)]. 
Simultaneous  wear  of  the  slider  and  the  matrix  would  cer¬ 
tainly  accelerate  friction  wear.  That  /tj  stabilizes  around 
0.4-0.44  is  probably  due  to  the  prevention  of  further  wear  by 
the  shielding  action  of  the  wear  debris. 

V,  CONCLUSIONS 

The  injected  structures  are  uniformly  distributed  in  the 
carbide  phase  throughout  the  cross  section,  but  a  variety  of 
microstructures  formed,  depending  upon  the  carbide  type 


and  the  thermal  conditions  iiithin  the  nieli  pool.  Due  to  the 
dissolution  of  the  carbide  phase,  inter-dendritic  eutectic 
phases  formed  in  the  matrix.  In.  the  holier  upper  regions  of 
the  melt,  resolidified  carbides  precipitated.  The  matrix  in 
WC  injected  samples  was  much  harder  than  that  in  TiC  in¬ 
jected  Sairiples.  In  both  casesi,  resolidified  carbides  hardened 
the  matrix  even  more.  The  reduction  in  and  wear  scar 
width  after  a  series  of  cycles  does  show  that  forming  metal- 
carbide  composite  surfaces  reduces  the  coefficient  of  friction 
of  Inconel  62S  alloy  in  contact  with  a  steel  slider.  Being  hard¬ 
er,  the  WC  treated  matrix  wore  less  compared  to  the  softer 
TiC  treated  matrix.  In  fact,  the  increasing trend  in  WC 
injected  samples  was  due  mostly  to  slider  wear,  while  the 
same  behavior  in  TiC  injected  samples  was  due  to  a  combina¬ 
tion  of  slider  and  matrix  wear.  The  advantage  of  the  finer 
particle  size  is  mainly  in  reducing  slider-matrix  contact, 
thereby  minimizing  friction  wear.  Results  show  that  the 
sample  injected  with  the  finer  WC  performed  best  under 
sliding  friction  with  a  steel  slider. 

ACKNOWLEDGMENTS 

The  author  would  like  to  thank  Dr.  J.  D.  Ayers  and  the 
Naval  Research  Laboratories  in  Washington,  DC  for  pro¬ 
viding  the  facilities  to  do  the  work. 

'}.  D.  Ayers.  R.  J.  Schaefer,  and  W.  P.  Robey,  J.  Mel.  33.  19  ( 1981 ). 

■J.  D.  Ayers,  in  Lasers  in  Metallurgy,  edited  by  K.  Mukherjee  and  J.  Ma- 
zumder  (The  Metallurgical  Society  of  AIME,  Warrendale,  PA,  1981 ),  p. 
115. 

'K.  P.  Cooper  and  J.  D.  Ayers.  Surf.  Eng.  1,  263  ( 1985). 

‘3.  D.  Ayers,  Wear  97,  249  ( 1984). 

'I.  L.  Singer.  C.  A.  Carosella,  and  J.  R.  Reed,  Nucl.  Insirum.  Methods  182/ 
183,  923  (1981). 

"K.  P.  Cooper,  presented  at  ASM’s  International  Conference  on  Surface 
Modifications  and  Coatings,  Toronto,  Canada,  14-160ct.  1985. 

’K.  P.  Cooper  and  A.  Singh  (to  be  published). 


THE 

CHANGING 
FRONTIERS  OF 

LASER 

MATERIALS 

PROCESSING 

Proceedings  of  the 

5th  International  Congress  on 

Applications  of 

Lasers  and  Electro-optics 

ICALEO'86 

Edited  by  C.  M.  Banes  and  G.  L.  Whitney 

10-13  November  1 986 
Arlington,  Virginia,  USA 


IFS  (Publications)  Ltd,  UK 
Springer-Verlag 
Berlin  Heidelberg  •  New  York 
London  •  Paris  •  Tokyo 


Surface  processing  of  metals  using  an  oscillating  laser  beam 

K.P.Coop*r 
afiMr*  Inft-.  USA 
wirf 

R.  Bai9«l  .iMi  P.  Stobodnick 
Nmal  IlMMrch  L»b«i»tii»y.  USA 


Abstract 


The  interest  in  surface  processing  with  an  oscillating  laser  beam  is  prompted  by  the 
need  to  process  wider  selected  surface  areas  with  a  single  melt  pass.  By  mounting  a  flat 
mirror  on  a  rapidly  vibrating  electromagnetic  device,  a  high  power  CO.  laser  beam  was  made  to 
oscillate  over  a  moving  sample  surface.  The  resulting  melt  pool  had  a^slight  dog-bone  shape, 
and,  by  controlling  the  current  to  the  oscillating  device,  melt  widths  of  1. 0-2.0  cm  were 
attained.  Since  the  objective  of  this  work  was  to  form  hard,  wear  resistant  surfaces  on 
Inconel  625  alloy  s<unples,  the  sample  surfaces  were  treated  with  hardfacing  alloys  such  as 
WC,  Tic,  Sic  and  Tribaloy.  The  WC  and  TiC  particles  were  injected  into  the  melt  to  form  a 
metal  matrix-carbide  composite  layer,  SiC  was  laser  consolidated  as  a  thin  fused  layer,  while 
Tribaloy  was  fed  into  the  laser  beaun  to  form  a  cladding.  Particle  injection  over  the  wider 
melted  area  was  achieved  through  a  slitted  nozzle  that  formed  a  flat  spray  of  the  powder. 
Topographical  and  cross-sectional  views  of  structures  formed  by  the  oscillating  laser  beam 
are  described  in  this  paper.  Finally,  the  influence  of  the  powder  feed  direction  relative  to 
the  moving  melt  pool  on  factors  such  as  the  particle  injection  efficiency,  the  shape  of  the 
solidified  melt  pool  and  the  nature  of  the  overlap  at  the  end  of  a  circular  pass  is  discussed. 

Introduction 


One  advantage  laser  processing  offers  over  other  surface  processing  techniques  is  the 
ability  to  modify  surfaces  of  selected  geometry  and  dimensions  without  adversely  affecting 
neighboring  regions.  Normally,  the  laser  beam  is  held  stationary  while  the  sample  is  moved 
underneath  it.  This  produces  a  narrow  melt  pass,  usually  0.2-0. 3  cm  wide.  Frequently,  it  is 
necessary  to  process  surfaces  wider  than  that.  Wide  strips  can  be  melted  by  oscillating  the 
laser  beam  to  form  a  line  energy  source  on  the  sample  surface.  This  can  be  done  by  oscillat¬ 
ing  a  flat  mirror  either  by  mechanical  means  such  as  a  cam  drive  or  by  electromagnetic  means. 
A  wide  range  of  oscillation  frequencies  are  possible  with  a  cam  driven  oscillating  mirror, 
but,  for  a  particular  experimental  set-up,  the  oscillation  amplitude  is  fixed  by  the  distance 
of  the  mirror  from  the  sample  surface.  Electromagnetic  drive  systems  rely  upon  the  system 
resonance,  allowing  few  options  with  the  oscillation  frequency.  On  the  other  hand,  the 
oscillation  amplitude,  and  hence  the  melt  width,  are  easily  changed  by  powering  the  device  at 
different  levels  without  changing  the  experimental  set-up.  it  is  for  this  reason  that  an 
electromagnetically  driven  oscillating  mirror  was  employed  to  form  wide  melts  during  the 
course  of  this  work.  Part  of  the  experimental  investigation  was  to  determine  how  the 
oscillating  beam  would  influence  the  shape  of  the  melt  pool,  not  only  for  the  simple  case  of 
surface  remelting,  but  also  for  processes  such  as  particle  injection,  coating  consolidation 
and  surface  cladding. 


Processing  Technique 

In  order  to  improve  the  wear^resistance  of  soft  metals,  the  laser  melt-particle 
injection  process  was  developed'^'  .  By  this  means  hard  particles,  such  as  carbides,  were 
blown  i.n to  a  laser  melted  surface  to  form,  upon  solidification,  a  metal  matrix-carbide 
composite  layer.  In  this  section,  techniques  for  oscillating  the  laser  beam  and  for  feeding 
the  powder  will  be  described.  Besides  particle  injection,  surface  modification  processes 
such  as  laser  consolidation  and  cladding  are  also  d^s^ribed.  Details  of  the  laser  apparatus 
and  the  experimental  procedures  are  given  elsewhere^'  .  ^he  improved  friction  wear  resistance 
of  particle  injected  surfaces  was  demonstrated  by  Cooper  . 

The  Oscillating  Beam 


Extensive  development  work  on  laser  melt-particle  injection  processing  was  done  using  a 
stationary  laser  beam  to  melt  a  narrow  track  and  a  small  circular  nozzle  to  feed  the 
particles.  In  order  to  selectively  process  wider  strips,  an  oscillating  laser  beam  was  used 
to  melt  a  wide  track'’.  To  oscillate  the  laser  beam,  a  flat  mirror,  placed  about  2  m  from  the 
sample,  was  mounted  on  an  electromagnetic  shaker  which  was  energized  by  a  function  generator 
via  an  audio  amplifier.  The  set-up  of  the  beam  oscillation  mechanism  appears  in  figure  1. 
With  this  device,  the  mirror  would  only  oscillate  near  tha  resonant  frequency  of  the  system. 
Resonance  occurred. at  45  and  110  Hz.  The  frequency  of  110  Hz  was  selected  because  it  was 
considered  to  be  rapid  enough  to  Sustain  a  line  energy  source  bn  the  sample  surface  for  a 
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Figure  5.  Melt  track  on  a  rapidly  moving 
sample  surface.  No.  66-4. 


The  Injection  Nozzle 

In  order  to  distribute  the  powder  evenly 
over  the  wider  melt,  a  dual  injection  nozzle 
with  two  circular  openings  was  used’’.  The 
spacing  between  the  openings  was  adjusted  so 
that  the  particles  could  be  injected  over  a 
wide  range  of  melt  widths.  This  powder 
injection  system  served  well  for  melts  of 
up  to  a  cm.  For  wider  melts,  a  nozzle  with 
a  slot  as  an  opening  was  employed.  The 
slitted  nozzle  formed  a  flat,  rectangular 
spray  of  the  powder.  It  was  designed  so  that 

the  powder  was  delivered  with  sufficient  velocity  to  penetrate  the  molten  surface  at  a 
uniform  rate  across  the  entire  melt  width  thereby  forming  a  uniformly  thick  injected  layer. 

A  schematic  representation  of  the  laser  melt-particle  injection  process  using  an  oscillating 
beam  and  a  slitted  nozzle  appears  in  figure  4.  The  nozzle  is  usually  1-2  cm  from  the  sample 
surface  and  is  inclined  at  an  angle  of  30°  from  the  vertical.  Although  the  diagram  shows  the 
powder  being  fed  ahead  of  the  moving  melt  pool,  it  could  also  be  introduced  from  behind  the 
melt  pool.  The  merits  and  demerits  of  the  powder  feed  direction  relative  to  the  melt  pool 
will  be  discussed  in  a  later  section. 


(b) 

Figure  6.  Melt  pass  on  a  slowly  moving  sample 
surface.  No.  66-3.  a) Topographical  view,  b) 
Cross-sectional  view. 


Types  of  Laser  Surface  Modification 


Although  the  primary  aim  of  laser  melt-particle  injection  processing  was  to  form 
composite  layers  of  hard  carbides  in  a  metal  matrix,  the  same  technique  can  also  be  used  for 
surface  cladding.  In  addition,  using  the  oscillating  beam,  coatings  deposited  on  the  sample 
surface  were  laser  consolidated.  With  this  in  mind,  various  types  of  surfaces  were  generated 
on  Inconel  625  alloy ksamples .  The  choice  of  Inconel  625  was  dictated  by  its  obvious  interest 
to  the  Navy.  Carbides  of  W,  Ti  and  Si  were  used  in  powder  form  to  produce  injected  surface 
composites.  Deposited  coatings  of  WC,  SiC,  and  mixtures  of  WC  and  Sic  with  Inconel  625  powder 
were  laser  consolidated,  while  pneumatically  delivered  Tribaloy-400  powder  was  laser  clad  on 
the  metal  surface.  The  particles  were  fed  using  helium  as  a  carrier  gas.  For  laser  consolida¬ 
tion,  1-2  mm  thick  coatings  of  a  slurry  of  the  powder  in  alcohol  were  applied  to  the  sample 
surface.  Before  processing,  the  coated  samples  were  thoroughly  dried.  Laser  processing  was 
conducted  in  a  vacuum  chamber,  shown  in  figure  2,  that  was  back-filled  with  helium.  Since 
the  laser  beam  entered  the  chamber  through  a  pneumatically  operated  window,  a  positive 
pressure  was  maintained  in  the  chamber. 

Results  and  Discussion 


Process  analysis  consisted  of  determining  the  nature  of  the  oscillating  beam  and  its 
influence  on  the  shape  and  structure  of  the  solidified  melt  pool.  In  this  context,  topogra¬ 
phical  and  cross-sectional  views  of  structures  formed  by  thb  different  surface  modification 
processes  were  examined  and  analysed  for  mQrphology,  dimensional  uniformity  and  structural 
homogeneity.  Based  on  these  results,  the  feasibility  of  a  particular  process  was  determined 
In  the  following  discussion,  each  melt  pass  shown  in  the  figures  is  identified  by  a  sample 
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number.  The  processing  conditions  corresponding  to  each  sample  number  are  given  in  table  1. 

The  Nature  of  the  Oscillating  Beam 

A  melt  pass  formed  by  the  oscillating 
laser  beam  on  a  rapidly  moving  Inconel  625 
alloy  sample  is  shown  in  figure  5.  The  melt 
trails  are  denser  towards  the  extremities 
than  in  the  middle  of  the  track.  This 
demonstrates  that  the  beam  dwells  consider¬ 
ably  longer  at  the  cusps  of  the  oscillation 
cycle  than  at  the  nodes.  For  high  energy 
laser  work,  molybdenum  mirrors  were  used, 
and,  due  to  inertia,  the  heavy  oscillating 
mirror  tends  to  remain  longer  at  the 
extreme  positions  of  the  cycle.  The  laser 
energy  distribution  generated  by  the 
oscillating  beam,  just  described,  would  be 
higher  near  the  extremities  of  the  oscilla¬ 
tion  cycle  than  in  the  center.  In  fact, 
from  the  appearance  of  the  melt  track  in 
figure  5,  it  would  seem  that  a  substantial 
amount,  2-3  times,  of  melting  should  occur 
near  the  edges  of  the  melt  pool  than  in  the 
middle.  In  other  words,  the  melt  pool  would 
be  significantly  dog-bone  in  shape  and  the 
melt  depth,  2-3  times  deeper  near  the  edges. 

Topographical  and  cross-sectional 
structures  of  a  remelted  surface  made  by 
the  oscillating  laser  beam  on  a  slowly 
moving  substrate  confirm  the  predicted 
variations  in  the  shape  of  the  melt  pool. 

But  the  extent  of  the  variations  is  much 
less  than  might  be  expected  from  figure  5. 
As  shown  in  figure  6(a),  the  solidified 
melt  pool  at  the  end  of  the  pass  appears 
remarkably  even  except  for  a  slight  dog- 
bone  shape.  This  is  because  diffusion  of 
heat  from  the  hotter  extremities  to  the 
middle  would  tend  to  equilibriate  the  shape 
of  the  melt  pool.  In  cross-section,  as  shown  in  figure  6(b),  the  melt  depth  is  sinusoidal 
with  deeper  penetration  occurring  near  the  edges  of  the  melt  pool.  But  the  melt  depth  varies 
little,  from  0.8-1. 2  mm,  which  is  a  variation  of  only  20%.  The  shape  of  the  melt  pool, 
figure  6(a),  and  the  melt  depth  profile,  figure  6(b),  are  reasonably  symmetric  about  the 
middle.  This  means  that  neither  the  circular  geometry  of  the  melt  pass,  nor  the  change  in  the 
beam  spot  size,  described  in  figure  3,  had  much  bearing  on  the  distribution  of  the  incident 
laser  energy  density.  The  average  radius  of  the  melt  pass  in  figure  6  is  6.35  cm  and  its 
width  is  1.8  cm.  For  this  geometry,  the  variation  in  the  laser  energy  density  from  one  edge 
of  the  melt  pool  to  another  is  only  7%,  not  sufficient  to  cause  an  asymmetric  melt  pool. 

Also,  since  a  laser  beam  with  the  smallest  possible  diameter  was  selected,  the  depth  of  focus 
was  probably  long  enough  to  keep  variations  in  the  beam  spot  size  to  a  minimum.  The  only 
factor  that  affected  the  symmetry  of  the  melt  pool  was  a  beam  that  was  not  centered  on  the 
oscillating  mirror.  An  off-centered  beam  formed  a  lop-sided  or  teardrop  shaped  melt  pool.  The 
melt  pass  in  figure  6(a)  shows  surface  ripples  that  parallel  the  moving  melt  pool.  Whether 
these  are  caused  by  the  oscillating  motion  of  the  laser  beam  or  by  convective  motion  in  the 
"rectangular"  melt  pool  has  not  been  established. 

Topographical  views  of  layers  formed  by  injecting  WC  particles  into  the  melt  pool  arc 
given  in  figure  7.  The  injected  layer  in  figure  7  la)  was  formed  by  a  0.2  cm  diametei 
stationary  beam  and  a  single  circular  nozzle.  The  injected  strip  in  figure  7(b)  was  produced 
by  a  0.8  cm  wide  oscillating  beam  and  a  dual  circular  nozzle.  A  1.5  cm  wide  oscillating  beam 
and  a  slitted  nozzle  were  used  to  form  the  injected  track  shown  in  figure  7(c).  In  order  to 
maintain  a  »danilar  laser  energy  density  over  the  wider  area  as  that  for  the  stationary  beam, 
slower  sample  translation  rates  were  used  for  the  oscillating  beam.  These  values  appear  in 
table  I.  The  injected  layers  appear  uniform  with  minor  surface  fluctuations.  Figure  7 
demonstrates  the  capability  of  producing  single  melt  passes  of  desirable  width  using  the 
particle  injection  process  and  an  oscillating  laser  beam.  With  the  set-up  shown  in  figure  1, 
the  amplitude  of  the  oscillating  beam  incident  upon  the  sample  surface  was  limited  to  about 
1.8  cm  at  the  frequency  of  110  Hz.  But  wider  oscillation  amplitudes  were  possible  at  the 
lower  resonant  frequency  of  45  Hz.  Thus,  with  proper  nozzle  design  and  laser  energy  density, 


Table  1  Processing  conditions  for  the  various 
surface  modification  techniques 


Sample 

No. 

Process 

Beam 

width 

(cm) 

Laser 

Power 

(kW) 

Powder 
Feed  Rate 
)cm'*/sec) 

Sample 
Velocity 
(cm/ sec) 

66-4 

Remelt 

1.7 

10 

4.5 

66-3 

Remelt 

1.5 

10 

— 

0.38 

4-1 

WC(A) 

Injected 

0.2* 

10 

0.3 

2.0 

6-2 

WC(A) 

Injected 

0.8 

10 

0.15 

1.0 

92-2 

WC(B)« 

Injected 

1.6 

10 

0.5 

0.41 

58-5 

SiC(C) 
Consol . 

1.5 

8 

0.3? 

59-6 

Sic (C) @ 
Consol . 

1.5 

H 

— 

0.36 

65-4 

WC(A) 
Consol . 

1.6 

11 

““ 

0.4 

65-3 

WC(A) @ 
Consol . 

1.6 

11 

““ 

0.38 

100-1 

T400 (D) # 
Cladding 

1.6 

10 

0.15 

0.4 

61-5 

WC(A) 

Injected 

1.5 

10 

0.225 

0.39 

75-4/5 

WC(A) 

Injected 

1.7 

10 

0.3 

0.39 

80-2/3 

WC(A)# 

Injected 

1.6 

10 

0.3 

0.27 

*Stationary  beam 

.  #Powder  fed  behind 

the 

melt  pool.  @Mixed  with  45-75  urn  1625. 
Particle  size  (urn)  code;  A=45-75, 
B=75-150,  C=60,  D=75. 


(c) 

Figure  7.  Topographical  views  of  WC  injected 
surfaces.  a)Stationary  beam.  No.  4-1.  b)0.8 
cm  wide  oscillating  beam.  No.  6-2.  c)1.5  cm 
wide  oscillating  beam.  No.  92-2. 


Figure  8.  Cross-sectional  view  of  wc  injected 
layer.  No.  92-2. 


injected  strips  wider  than  2.0  cm  are  feasible 
Surface  Modification 

As  mentioned  earlier,  the  main  thrust  of 
this  work  was  to  form  hard  metal  matrix- 
carbide  composite  layers  on  Inconel  625  (1625) 
alloy  substrates.  Being  heavier  than  1625,  wc 
particles  vfere  easily  impregnated  into  the 
surface  and  formed  evenly  shaped,  thick 
injected  layers.  A  cross-sectional  view  of  a 
WC  injected  layer  appears  in  figure  8.  The 
layer  has  a  fairly  flat  top  and  a  slightly 
varied  melt  depth.  In  addition,  the  carbide 
phase  is  uniformly  distributed  throughout  the 
cross-section.  On  the  other  hand,  being 
lighter  than  1625,  considerable  effort  was 
needed  to  drive  the  TiC  particles  into  the 
melt  and  usually  a  thin  dumbbell  shaped 
injected  layer  resulted.  The  dumbbell  shape 
was  attributed  to  the  deeper  melting  occuring 
on  either  side  of  the  melt  pool.  Particle 
injection  with  SiC  failed  to  form  a  composite 
layer  because  Sic  dissociated  in  the  intense 
heat  of  the  laser  beam.  Being  refractory  in 
nature,  SiC  absorbs  the  laser  energy  more 
readily  than  the  metallic  WC  and  TiC,  thereby 
heating  up  to  a  greater  degree  and  accelerat¬ 
ing  the  decomposition  process . 

incorporating 
to  consolidate 
in  figure  9(a). 
melted  region. 
nature  of  the  coating, 
fluid  flow  patterns, 
top  and  a  mildly  sinusoidal 
separate  phase  and  appear  to 
of  Sic  and  1625  resulted  in  a 
the  shape  of  the  layer  being 
the  microstructural  details 
a  future  study. 


An  alternative  means  of 
Sic  on  the  metal  surface  was 
a  coating  of  SiC  powder.  A  topographical  v'iew  of  the  surface  layer  appears 
Except  at  the  edges  of  the  layer,  consolidation  is  complete  throughout  the 
few  cracks  parallel  to  the  melt  pass  direction  demonstrate  the  brittle 
Variations  in  the  surface  contrast  are  probably  due  to  segregation  or 
In  cross-section,  figure  9(b),  the  consolidated  layer  has  a  flat 
melt  depth.  Unlike  WC,  the  SiC  particles  were  not  retained  as  a 
have  fused  into  a  thin  layer.  Consolidation  of  a  50-50  mixture 
uniform,  crack-free  surface  layer  as  shown  in  figure  10,  with 
nearLy  lenticular.  The  extent  of  alloying  with  the  substrate, 
and  the  properties  of  the  consolidated  layers  are  subjects  for 


Laser  consolidation  of  a  WC  coating  resulted  in  an  extremely  uneven  composite  surface 
as  shown  in  figure  II.  Beside.s,  on  cither  side  of  the  layer,  considerable  material  overhang 
is  observed.  Tins  maleiial  appeals  to  )iavc  bee-:.  e-jOcLeJ  from  tin  ;:u.  1 1  ;  e.;  1  .  Th.e  ;■  : 

appearance  of  the  WC  consolidated  layer  makes  a  strong  case  for  particle  injection  as  a  moans 
to  treat  samples  with  carbides  such  as  WC .  Laser  consolidation  of  a  50-50  mixture  of  WC  and 
1625  (No.  65-3  in  table  I)  was  more  successful,  forming  an  even  injected  layer.  But  the 
heavier  carbide  phase  tended  to  settle  to  the  iaottom  of  the  melt  pool.  In  all  laser  process¬ 
ing  methods  used  for  WC,  the  laser  energy  conditions  were  such  that  no  fusing  or  melting  of 
the  carbide  particles  occurred. 

Figure  12  (a)  shows  a  topographical  view  of  laser  clad  Tribaloy-400  powder.  The  cladding 
appears  quite  uniform  with  no  surface  ripples.  Stray  particles  that  adhered  to  the  cladding 
after  it  had  solidified  are  observed  on  the  surface.  In  cross-section,  the  clad  layer  is 
uniformly  thick  as  shown  in  figure  12(b),  The  nearly  flat  bottom  of  the  cladding  indicates 
that  the  laser  oscillations  had  little  influence  on  the  shape  of  the  melt  pool. 
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Figure  10.  Cross-section  of  consolidated 
layer  of  a  mixture  of  SiC  and  1625. 

No.  59-6. 


Figure  12.  Surface  cladding  of  Tribaloy-400 . 
No.  100-1.  a) Topographical  view.  a)Cross- 
sectional  view. 


Effect  of  Powder  Feed  Direction 

The  direction  in  which  the  powder  is  fed  relative  to  the  moving  melt  pool  has  been  a 
subject  for  study  by  many.  For  greater  efficiency,  feeding  ahead  or  in  front  of  the  melt  pool 
js  desirable.  The  effect  of  powder  feed  direction  on  the  characteristics  of  the  melt  pool  was 
studied  only  for  particle  injection  with  WC.  A  diagram  illustrating  this  experiment  is  shown 
in  figure  13.  When  fed  ahead  of  the  moving  melt  pool,  the  powder  spray  encounters  a  larger 
melt  surface  ar  a  making  it  a  more  efficient  process  compared  to  when  the  powder  is  fed 
behind  the  melt  pool.  The  efficiency  of  particle  injection  was  borne  out  by  the  fact  that 
lower  powder  feed  rates  formed  equally  thick  layers  when  powder  war-  fed  in  front  o; 

melt  pool  than  when  fed  behind  the  melt  pool.  For  example,  the  cross-sectional  structures 
shown  in  figures  8  and  14  have  nearly  the  same  thickness,  about  1. 5-2.0  mm.  But  the  lay^r  lU) 
figure  8  was  formed  by  injecting  behind  the  melt  pool  with  a  powder  feed  rate  of  0.5  cm  sec 
while  the  layer  in  figure  14,was_Jormed  by  injecting  ahead  of  the  melt  pool  with  a  lower 
powder  feed  rate  of  0.225  cm'^sec  .  In  spite  of  this  advantage,  it  will  be  demonstrated 
below  that  feeding  ahead  of  the  melt  pool  can  be  undesirable. 

A  comparison  of  figures  8  and  14  show  the  profound  influence  of  the  powder  feed 
direction  on  the  shape  of  the  melt  pool.  Feeding  behind  the  melt  pool  resulted  in  an 
injected  surface  that  was  reasonably  flat-bottomed  and  had  a  flat  top  surface  as  shown  in 
figure  8.  Feeding  in  front  of  the  melt  pool  accentuated  the  sinusoidal  shape  of  the  melt 
depth  and  fortned  an  uneven  top  surface  that' parai leled  the  depth  contour  as  shown  in  figure 
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Figure  13.  Schematic  diagram  showing  the 
study  of  the  powder  feed  direction. 


Figure  14.  Cross-section  of  WC  injected 
layer  obtained  by  feeding  the  powder  ahead 
of  the  melt  pool.  No.  61-5. 


14.  Since  the  injected  layer  is  ground  down 
to  a  flat  before  it  can  function  as  a  wear 
resistant  surface,  an  uneven  layer  such  as 
the  one  shown  in  figure  14  is  highly 
undesirable . 


One  of  the  stipulations  of  this  work 
was  to  form  an  injected  melt  pass  of 
circular  geometry.  This  meant  that  at  the 
end  of  the  pass  there  would  be  a  small 
overlap  to  complete  the  circle.  When  the 
particles  were  injected  ahead  of  the  melt 
pool,  a  discontinuous  overlap  resulted  as  shown  in  figure  15(a)  while,  as  shown  in  figure 
15(b),  the  overlap  is  continuous  when  the  powder  was  injected  behind  the  melt  pool.  To 
understand  this  we  refer  to  figure  13.  As  the  circular  pass  approaches  closure,  the  initial 
pre-deposited  layer  blocks  the  powder  spray  when  feeding  ahead  of  the  melt  pool,  thereby 
causing  the  discontinuity  seen  in  figure  15(a),  On  the  other  hand,  when  feeding  behind  the 
melt  pool,  the  pre-deposited  layer  does  not  hinder  the  particle  spray  and  a  continuous 
overlap  ensues  as  shown  in  figure  15(b).  The  inability  to  form  a  continuous  closure  for  a 
circular  pass  is  another  reason  particle  injection  ahead  of  the  melt  pool  is  not  desirable. 


Figure  15.  Effect  of  the  powder  feed  direction 
on  closure  of  a  circular  injected  pass,  a) 
Powder  fed  ahead  of  the  melt  pool.  No.  75-4/5. 
b)Powder  fed  behind  the  melt  pool.  No.  80-2/3. 


Sunmiat  y 

An  electromagnctically  driven  oscillating  mirror  was  successfully  used  to  form  a  line- 
laser  energy  source  on  the  sample  surface  in  order  to  melt  strips  of  selected  dimensions. 
With  an  oscillation  frequency  of  110  Hz,  melt  widths  of  upto  2  cm  were  easily  obtained. 
Although  the  oscillating  beam  dwelled  much  longer  near  the  extremities  of  the  oscillation 
cycle,  the  variations  in  the  melt  pool  shape  and  th<  elt  depth  profile  were  minimal.  The 
solidified  melt  pool  was  symmetric  about  the  middle  and  the  top  surface  nearly  flat.  These 
characteristics  of  the  melt  pool  were  true  for  most  of  the  surface  modification  processes 
attempted.  Particle  injected  layers  and  laser  clad  surfaces  of  uniform  thickness  were 
obtained  by  employing  a  slitted  nozzle  to  feed  the  powder*.  Finally,  for  particle  injection, 
feeding  the  powder  behind  the  melt  pool  was  essential  to  form  uniformly  thick  injected 
layers  and  continuous  overlaps  upon  closure  of  a  circular  injected  pass. 
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Abstract 


In  order  to  improve  the  wear  resistance  of  engineering  materials,  hard  composite 
surface  layers,  made  up  of  carbide  particles  in  a  metal  matrix,  %>'ere  formed  on  metals  by 
the  laser  melt-particle  injection  process.  Particle  injection  with  carbides  of  tungsten 
and  titanium  increased  the  hardness  of  Inconel  625  alloy  and  reduced  the  coefficient  of 
friction.  However,  the  improvement  in  wear  properties  was  offset  by  the  presence  of 
undesirable  hairline  cracks  within  the  injected  layer.  In  this  study,  the  influence  of 
melt  pass  width,  carbide  type  and  size,  and  carbide  feed  rate  on  the  cracking  tendency  of 
the  modified  surface  was  evaluated.  Fewer  cracks  occurred  under  conditions  that  favored  a 
a  reduction  in  the  solidification  and  cooling  rates.  For  example,  the  crack  density  was 
reduced  as  the  melt  width  increased.  At  moderate  to  high  carbide  feed  rates,  an  increased 
cracking  tendency  was  found  in  layers  injected  with  the  fine  WC  and  the  medium  Tic 
particles.  In  layers  made  with  the  medium  and  the  coarse  WC,  the  crack  density  reduced 
with  increasing  powder  feed  rate.  Microstructural  analysis  showed  that  cracks  form 
initially  in  the  brittle  carbide  phase  when  the  residual  stress  in  the  solidified  composite 
are  just  sufficient  to  cause  cracking.  The  cracks  then  propagate  into  the  inter-particle 
matrix  phase  if  the  matrix  is  embrittled  by  carbide  dissolution. 

Introduction 


Lasers  have  been  used  extensively  to  modify  metal  and  alloy  surfaces  to  improve  their 
service  lifei.  But  a  frequently  encountered  problem  with  laser  surface  processing  is 
the  occurrence  of  intermittent  cracks  in  the  modified  surface.  These  cracks  form  when  the 
modified  region  is  unable  to  withstand  the  residual  stresses  that  result  from  the  thermal 
cycle  of  rapid  surface  melting  and  constrained  cooling  of  the  solidified  melt.  The 
cracking  tendency  depends  upon  the  level  of  stress,  the  stress  distribution,  and  the 
strength  of  the  phases  present. 

Residual  stresses  can  assume  different  forms  depending  upon  the  type  of  laser  surface 
treatment.  Li  and  Easterling^  determined  that  the  stresses  from  laser  transformation 
hardening  of  steel  were  compressive  as  a  result  of  the  austenite  to  martensite  phase 
change.  Lamb,  West  and  Steen^  found  that  in  laser  melted  single  tracks,  martensitic 
stainless  steels  developed  compressive  stresses,  while  austenitic  stainless  steels 
developed  tensile  stresses  comparable  to  the  yield  stress  of  the  material.  Rawers  et  al** 
found  that  the  residual  stresses  from  laser  glazing  of  steel  caused  surface  cracks,  and  the 
cracking  tendency  increased  with  higher  traverse  speeds  and  with  highly  focussed  beam 
conditions.  Chabrol  and  Vannes^  report  that  cladding  of  Co-and  Ni-base  powders  on 

steels  produced  tensile  stresses  in  the  cladding  and  compressive  stresses  in 
the  substrate.  Similar  observations  were  nade  by  Weerasinghe,  Steen  and  West^  upon 
cladding  stainless  steel  powder  on  mild  steel.  Furthermore,  Weerasinghe  and  Steen^ 
observed  cracking  in  hard  coatings  such  as  iron/boron,  but  none  in  ductile  coatings  such  as 
stainless  steel  or  stellite  when  clad  on  mild  steel.  They  found  that  cracking  of  the  hard 
coatings  was  eliminated  by  preheating  the  sample  to  700  ‘C. 

Laser  cladding  by  powder  feeding  involves  minimum  melting  of  the  substrate  and 
complete  fusion  of  the  powder.  The  laser  melt-particle  injection  process  involves  melting 
of  the  substrate  but  not  the  powder.  In  some  respects  the  process  resembles  laser 
alloying,  except  that  processing  conditions  are  normally  chosen  to  minimize  dissolution  of 
the  injected  particles.  Instead,  the  particles  displace  a  portion  of  the  melt  and  help  to 
form  a  metal  matrix  composite.  The  metal  matrix  is  altered  only  slightly  in  composition 
from  that  of  the  substrate.  The  processing  technique  and  process  optimization  have  been 
^**®*^^^**^  elsewhere  "iO.  By  this  technique,  the  superficial  hardness  of  Inconel  625  alloy 
samples  injected  with  WC  and  Tic  was  increased  from  <20  to  50  HRC,  an  increase  of  nearly 
three-fold,  and  the  coefficient  of  friction  against  a  hard  52100  steel  ball  was  reduced 
from  0.72  to  O.dOJi.  in  this  study,  an  attempt  is  made  to  understand  the  nature  of  the 
•tresses  in  the  injected  layer  and  to  determine  the  influence  of  various  processing 
parameters  on  its  cracking  behavior. 
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Ex peri mental  Procedure 


Laser  Processing 

A  CW  OO2  high  power  laser  was  used  to  melt  the  surface  of  1.5  cm  thick  Inconel  625 
alloy  samples.  The  laser  beam  was  oscillated  above  the  sample  with  a  frequency  of  about 
110  Hz.  to  form  melt  passes  of  desired  dimensions.  Helium  gas  carried  the  carbide 
particles  from  a  slotted  nozzle  into  the  molten  pool  as  the  sample  was  swept  under  the 
oscillating  laser  beam.  The  nozzle,  inclined  30*  from  the  surface  normal,  was  positioned 
1.0  to  1.25  cm  from  the  melt  pool  and  was  directed  such  that  the  particles  entered  the  melt 
pool  from  its  receding  edge  rather  than  from  its  leading  edge.  The  melt  passes  were  8-8.5 
cm  long  arcs  having  a  radius  of  6.35  on  and  the  melt  widths  were  varied  from  0.4  to  2.0  cm. 
Details  of  the  oscillating  beam  laser  process  were  given  in  an  earlier  studyl2. 

Melt  Width  Variations 

For  these  experiments,  the  laser  power  was  held  constant  at  10  kw.  To  maintain  a 
constant  mlt  depth  and,  hence,  injected  layer  thickness,  the  incident  laser  energy  density 
or  fluence  was  held  constant  by  changing  the  beam  oscillation  width  and  the  sample  traverse 
speed.  For  simplicity,  the  oscillating  beam  was  assumed  to  be  a  line  source  having  a 
constant  energy  distribution  and  a  width  corresponding  to  the  oscillation  eunplitude.  Table 
1  gives  the  beam  width,  the  laser  power  density,  the  calculated  traverse  speed  and  the 
laser  beam  interaction  time  for  the  various  beam  conditions.  For  these  calculations,  a 
measured  beam  diameter  of  0.2  cm  was  used.  The  calculated  laser  fluence  in  the  oscillating 
beam  was  16.67  kJ  cm"^ ,  xhe  calculated  traverse  speeds  were  used  in  the  experiments  except 
for  sample  52-2  for  which  the  traverse  speed  was  0.3  cm  s"^ . 


Table  1 

:  Laser 

Beam  Conditions. 

Sample 

Beam 

Power 

Traverse 

Interaction 

I  .D. 

Width 

Density 

Speed 

Time 

(cm) 

(kW  cm"2) 

(cm  s"3) 

(s) 

77-1 

0.2* 

318.5 

3.82 

0.05 

49-2 

0.4 

125.0 

1.50 

0.13 

49-1 

0.8 

62.5 

0.75 

0.27 

52-1 

1.2 

41.67 

0.50 

0.40 

52-2 

1.6 

31.25 

0.375 

0.53 

•Stationary  beam. 


The  carbide  particles  were  directed  towards  the  melt  pool  at  a  constant  rate  of  0.5 
cm3  g-l  under  a  carrier  gas  pressure  of  110-124  kPa.  For  this  study,  wc  particles  of  45-7 
xm  size  distri'j-'.  3 '■n  used.  For  comparison,  injected  layers  using  a  stationary  laser 

beam  and  a  circular  injection  nozzle  were  also  made.  The  beam  conditions  for  this  sample 
(77-1)  are  also  given  in  Table  I, 


Carbide  Feed  Rate  Variations 


In  addition  to  studying  the  effect  of  carbide  feed  rate  on  the  cracking  tendency  of 
injected  layers,  this  experiment  was  designed  to  include  studies  on  the  effect  of  carbide 

type  (WC  and  TiC)  and  carbide  size  (<45  urn,  45-75  urn  and  75-150  urn  WC).  For  this  study  the 

melt  width  was  kept  nearly  constant  at  1.1-1  .2  cm.  Also  held  ocnstant  were  laser  power  at 
ID  kW  and  the  sample  traverse  speed  at  0.75  cm  s“3 ,  Depending  upon  the  carbide  density  and 
size,  the  carrier  gas  pressure  was  varied  from  80  to  140  kPa  for  effective  particle 
injection . 

The  carbide  feed  rate  was  changed  by  controlling  the  rotational  speed  of  the  [viwder 
feeder  auger  which  dispenses  the  powder  into  the  carrier  gas  stream.  The  volume  feed  rate, 

which  is  independent  of  the  type  or  size  of  the  carbide,  was  varied  from  as  little  as  0.025 

to  as  much  as  0.65  cm3  g-l ,  Although,  from  experience,  only  about  10-15%  of  the  carbide 
volume  gets  into  the  melt,  a  determination  of  the  carbide  incorporation  rate  was  made  by 
weighing  the  sample  before  and  after  particle  injection. 

Measurement  of  Crack  Density 

In  order  to  reveal  the  cracks  in  the  injected  layer,  a  dye  penetrant  non-destructive 
test  was  used.  In  this  test,  defects  in  the  sample  flporesce  when  viewed  under  a  UV  light 
source.  The  crack  density  was  determined  as  the  total  crack  length  in  the  longitudinal  and 
transverse  directions  divided  by  the  injected  layer  surface  area. 


Results 


Structural  Characteristics 

As  shown  in  figure  1(a),  the  injected  layer  appears  as  a  rough  melt  track  on  the 
sample  surface.  In  cross-section,  the  injected  layer  appears  “cigar-shaped”  with  a  width 
of  2.0  cm  and  with  the  thickness  varying  from  0.18-0.2  cm  as  shown  in  figure  1(b).  in 
general,  the  thickness  of  the  WC  injected  Inconel  625  alloy  layers  varied  little,  but 
layers  injected  with  TiC  showed  a  larger  variation  in  thickness.  In  figure  1(b),  the  dark, 
uniformly  distributed  grains  are  the  MC  particles  and  they  occupy  about  50*  of  the 
composite  volume,  the  remaining  space  being  the  metal  matrix. 

The  Effect  of _Melt_Width 

Figure  2(a)  shows  cracks  in  the  injected  layer  as  they  appear  under  UV  light.  The 
melt  passes  were  made  with  the  stationary  laser  beam.  The  cracks  here  are  mostly  of  the 
transverse  kind,  with  a  few  longitudinal.  Figures  2(b  &  c)  demonstrate  the  effect  of  melt 
width  on  the  degree  of  cracking  in  particle  injected  layers  formed  by  the  oscillating  laser 
beam.  With  increasing  melt  width,  a  gradual  decrease  in  the  number  of  transverse  cracks 
and  the  appearance  of  longitudinal  cracks  are  observed.  Also  evident  is  the  overall 
reduction  in  crack  density  with  increase  in  melt  width.  This  trend  is  graphically 
represented  in  figure  3.  In  melt  passes  made  with  the  oscillating  laser  beam,  the 
variation  appears  to  be  linear,  the  reduction  in  crack  density  dropping  from  1.9  to  0.3  cm 
cia”‘.  In  the  injected  layer  made  with  the  stationary  laser  beam,  the  crack  density  was 
3.75  cir.  cin“  2  _ 


The  Effect  of  Powder  Feed  Rate 


The  effect  of  powder  feed  rate  or,  more  accurately,  powder  incorporation  rate,  on  the 
crack  density  is  graphically  represented  in  figure  4  for  the  four  carbide  forms  studied. 

In  spite  of  some  scatter  in  the  data,  certain  trends  are  demonstrated.  For  the  medium 
(45-75  urn)  and  the  coarse  (75-150  urn)  WC,  the  crack  density  diminishes  with  increasing 
powder  feed  rate.  This  drop  is  from  about  2.25  to  1.25  cm  cm~2 .  poj.  the  medium  (45-75  urn) 
Tic,  the  crack  density  increases  form  a  low  value  of  0.6  cm  cm”2  at  low  powder  feed  rates 
to  a  high  value  of  2.75  cm  cm“2  at  medium  powder  feed  rates  followed  by  a  light  decline  at 
higher  powder  feed  rates.  The  trend  for  the  fine  (<45  urn)  WC  also  shows  an  increase  from  a 
low  value  of  1.5  cm  cm"2  at  low  powder  feed  rates,  but  no  definite  trend  is  observed  at 
higher  powder  feed  rates.  At  medium  to  high  powder  feed  rates  (20-50  nm^  s“^ ) ,  a 
substantially  larger  degree  of  cracking  occurs  in  layers  treated  with  the  fine  WC  and  the 
(nedium  TiC,  compared  to  those  treated  with  the  medium  and  coarse  WC.  Also,  in  this  powder 
feed  rate  regime^  the  degree  of  cracking  in  both  the  medium  and  coarse  WC  injected  layers 
is  about  the  same.  As  an  example,  in  figure  5  the  crack  populations  in  samples  injected 
with  three  different  carbides  are  shown.  For  these  melt  passes,  the  powder  feed  rate  was 


.-.early  the  same,  about  39  mm-’  s 


3 


This  figure  compares  WC  of  two  different  sizes  as  well 


as  WC  and  TiC  of  the  same  size.  Visually,  the  degree  of  cracking  in  the  two  WC  injected 
sample  appears  substantially  higher.  In  fact,  in  the  45-75  urn  and  the  75-150  urn  WC  the 
crack  aensity  was  1.4  and  1.37  cm  cm~2 ^  respectively,  while  the  crack  density  in  the  45-75 
:im  TiC  was  2.3  cm  cin"2_ 


Discussion 


Since  cracking  in  laser  modified  surfaces  results  from  thermally  induced  stresses,  it 
would  be  beneficial  to  understand  the  development  of  these  stresses.  Simple  laser  melting, 
if  there  are  no  phase  transformations  during  cooling  of  the  solidified  melt,  generates 
stresses  which  are  tensile  and  whose  magnitudes  depend  upon  the  properties  and  elastic 
constants  of  the  work  piece.  When  extraneous  material  is  added  to  the  melt,  e.g.  by 
particle  injection,  the  nature  of  the  stresses  is  considerably  more  complex.  If  particle 
iniection  results  in  alloying,  e.g.  the  dissolution  of  Si  particles  in  5052  Al33,  then 
the  coniposition  of  the  melt  is  changed  and  a  different  set  of  elastic  constants, 
corresponding  to  the  new  alloy,  apply.  If  laser  alloying  produces  additional  phases,  e.g. 
the  formation  of  dendritic  carbides  upon  alloying  of  Ti-6A1-4V  with  graphitel**,  then  the 
determination  of  residual  stresses  would  involve  consideration  of  the  resolidification 
products  as  well.  A  similar  situation  prevails  in  the  work  reported  here. 

Hicrostructure  and  Stresses  in  a  Composite  Surface  Layer 

Laser  melt-particle  injection  with  WC  and  TiC  forms  a  composite  surface  layer  in  which 
some  alloying  occurs  as  a  result  of  carbide  dissolution.  This  dissolution,  which  may  be 
desirable  or  undesirable,  can  result  in  the  formation  o^  several  resolidification  products. 
In.  Inconel  625.  alloy  samples . that  were  injected  -with  wc  and  TIC  particles,  the 
tesolidif ication  products  included  resolidified  dendritic  carbides,  solute-rich  eutectic 
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colonies  having  novel  crystal  structures,  and  a  solute  depleted  matrix  phased < 15 _  ^ 

result  of  these  reactions  the  large  undissolved  carbides  are  contained  within  a  metal 
matrix  with  a  different  microstructure  and  chemistry  than  the  work-piece.  Microstructural 
modification  of  the  inter-particle  matrix  due  to  dissolution  leads  to  an  alloy  with 
properties  that  siay  be  quite  different  from  those  of  the  substrate.  For  example, 
precipitation  of  resolidified  carbides  has  been  known  to  harden  the  matrixl^.  This 
embrittlement  is  important  because  it  can  lessen  the  ability  of  the  matrix  to  withstand  the 
tensile  residual  stresses  that  develop  with  laser  melting. 

Any  analysis  of  the  stresses  in  an  injected  layer  containing  primary  carbides, 
resolidified  carbides  and  eutectic  phases  must  consider  the  complex  stresses  and  strains 
which  operate.  The  solidified  melt,  vihich  forms  the  metal  matrix,  is  under  a  tensile 
stress  due  to  . thermal  contraction.  -  The  primary  carbide  particles  and  the  resolidifeid 
dendritic  carbides  have  lower  thermal  expansion  coefficients  than  the  matrix,  and  thus 
should  on  average  be  subjected  to  less  tensile  stress  than  the  metal -matrix .  Earlier 
observations  on  Ti-6A1-4V  and  Inconel  750  injected  with  WC  and  TiC^”  show  that  individual 
carbide  particles  of tan  crack,  even  when  there  is  insufficient  thermally  induced  stress  to 
fracture  the  matrix.  This  effect,  which  can  also  be  seen  in  figure  6,  demonstrates  that 
despite  the  lower  expansion  coefficient  of  the  carbides  some  of  them  at  least  must  be 
subjected  to  tensile  stresses  greater  than  their  fracture  strength.  Any  numerical  analysis 
of  the  fracture  pfoblem  would  be  very  complicated  because  of  the  irregular  geometry  of  the 
particles.  This  irregular  geometry  coupled  with  stress  distributions  resulting  from 
plastic  deformation  of  the  matrix  can  obviously  create  high  levels  of  tensile  stress  in  the 
carbides.  In  ductile  metal  matrices  it  is  sometimes  observed  that  localized  deformation 
can  cause  cracking  of  the  carbide  particles  in  a  nearly  planar  array,  but  that  the  matrix 
accomodates  the  strain  plastically.  This  phenomenon,  observed  in  Tic  injected  A1  bronze, 
is  shown  in  figure  6,  which  is  reproduced  from  reference  17.  The  discontinuity  of  the 
crack  is  clearly  evident  in  figure  6(b) .  In  this  alloy  carbide  dissolution  was  negligible 
and  the  matrix  remained  ductile.  Even  when  the  matrix  cracked,  the  crack  width  in  the 
matrix  was  found  to  be  narrow  compared  to  that  in  the  carbide  phase.  Figure  7  shows  cracks 
in  a  sample  from  this  study  as  they  appear  on  the  injected  surface  in  the  SEM.  The  cracks 
in  the  carbide  phase  are  2  to  5  times  wider  (see  arrows)  than  those  in  the  surrounding 
matrix . 

The  Influence  of  Powder  Feed  Rate 

In  an  earlier  study  on  Ti-6Al-4V  samples  injected  with  TiC  particles^®,  it  was 
demonstrated  that  the  carbide  volume  fraction  in  the  melt  can  be  increased  by  increasing 
the  powder  feed  rate,  but  then  the  carbide  volume  fraction  was  limited  to  0.5-0. 6.  In 
this  study  the  powder  feed  rate  was  used  as  an  estimate  of  the  carbide  volume  fraction  in 
the  injected  layer,  it  should  be  remembered  that  the  relationship  is  not  linear.  In 
addition  to  increasing  the  carbide  volume  fraction,  increasing  the  carbide  feed  rate  was 
found  to  increase  the  carbide  dissolution  rate  and  the  matrix  microhardness.  Increased 
carbide  volume  fraction  and  increased  matrix  hardness  would  tend  to  lower  the  ductility  of 
the  composite  layer  and  increase  its  susceptibility  to  cracking. 

That  the  carbide  type  and  size  influence  the  matrix  properties  in  Inconel  625  is 
demonstrated  in  figure  8.  Plotted  as  a  function  of  the  normalized  thickness  of  the 
injected  layer,  this  figure  makes  evident  two  important  trends  in  the  matrix  microhardness 
relative  to  that  of  the  substrate.  First,  WC  injection  hardens  the  matrix  much  more  than 
Tic  injection.  Secondly,  the  coarser  particle  size  distribution  has  a  somewhat  lesser 
influence  on  the  matrix  microhardness  than  the  finer  variety^ ^ ^ ^ .  If  raicrohardness  is 
an  accurate  indicator  of  embrittlement,  then  WC  would  tend  to  harden  and  embrittle  the 
matrix  to  a  greater  extent  than  Tic  and  finer  sizes  of  the  carbides  would  have  a  greater 
hardening  effect  than  coarser  ones. 

If  cracking  was  equated  solely  with  embrittlement  of  the  matrix,  the  likelihood  of 
cracking  in  the  injected  layer,  a)  would  increase  with  increasinq  carbide  volume  fraction, 
b)  would  increase  with  decreasing  carbide  particle  size  distribution,  and  c)  would  be 
greater  with  WC  injection  than  with  TiC  injection.  The  results  in  figure  4  are  contrary  to 
most  of  the  above  premises.  With  the  exception  of  the  behavior  at  low  powder  feed  rate  of 
the  fine  WC  and  the  medium  TiC,  the  crack  density  actually  declined  with  increasig  carbide 
feed  rate.  This  reduction  in  the  crack  density  with  increasing  carbide  feed  rate  may 
indicate  that  despite  its  higher  hardness  and  lessened  ductility,  the  composite  may  have 
higher  fracture  resistance  with  a  high  fraction  of  the  carbide  phase  than  it  does  with 
lower  carbide  contents.  Another  possible  explanation  is  a  reduction  in  the  tensile 
residual  stresses  in  the  matrix  in  the  presence  of  increasing  quantities  of  the  second 
phase.  Gurland^®  reported  that  in  the  Co-WC  system,  at  higher  volume  fractions  of  WC, 
the  thermal  residual  stresses  in  the  Co  matrix  became  Compressive.  A  third  possible  reason 
for  the  declining  trend  in  the  crack  , density  is  a  reduction  in  the  residual  tensile 
stresses  brought  about  by  the  decreasing  solidification  and  cooling  rates  observed  at 
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higher  powder  feed  rates.  Increasing  the  powder  feed  rate  introduces  additional  heat  into 
the  melt  pool  by  improving  the  laiser  beam— substrate'  coupling.  The  excess  heat  content  of 
the  melt  would  tend  to  lower  the  cooljtng  rates. 

In  the  mid  to  high  powder  feed  rate  range,  cracking  was  more  pronounced  in  .ayers 
injected  with  the  medium  and  coarse  WC,  which  was  predicted  from  matrix  hardening- 
arguments.  But  the  lack  of  particle  size  effect  between  the  medium  and  the  coarse  WC  may 
be  due  to  a  smaller  than  predicted  influence  of  the  dissolution  products.  Comparing 
surfaces  containing  WC  and  TiC  particles  of  the  same  size,  cracking  in  the  TiC  injected 
layers  is  consistently  higher  (1.5-1. 7  times)  than  that  in  the  WC  injected  layers,  except 
at  very  low  powder  feed  rates.  This  is  contrary  to  expectations  based  on  matrix  hardening 
arguments  alone.  There  is  substantially  less  dissolution  of  TiC  during  processing  than 
there  is  of  WC  and  this  is  reflected  in  a  lesser  degree  of  hardening  of  the  TiC  injected 
matrix,  as  can  be  seen  from  figure  8.  Additional  factors  which  may  affect  the  relative 
cracking  frequency  of  surfaces  injected  with  the  two  carbides  are  the  mechanical  properties 
of  the  carbides  and  geometric  effects  in  the  processed  surfaces.  The  room  temperature 
hardness  of  TiC  is  substantially  higher  than  that  of  WC,  3200  HV  versus  1800  HV,  but  at 
high  temperatures  WC  is  much  harder  than  TiC.  At  1000  *C,  the  hardness  of  WC  is  900  HV  ‘arid 
that  of  Tic  is  260  HV^^.  Also  WC  has  nearly  twice  the  fracture  strength  and  is  twice  as 
tough  as  TiC^O.  This  greater  fracture  strength  and  hot  hardness  of  WC  would  explain  the 
high  carbide  feed  rate  results  of  figure  4,  but  not  those  at  lower- feed  rates.  At  higher 
feed  rates  the  greater  degree  of  cracking  may  also  be  related  to  the  uneven  shape  of  the 
Tic  injected  layers.  Brought  about  by  a  general  difficulty  in  injecting  the  lighter  TiC  in 
the  heavier  Inconel  625  alloy  melt,  the  uneven  injected  layer  may  produce  sharp  increases 
in  residual  stresses,  exceeding  those  in  evenly  shaped  injected  layers.  The  unevenness  was 
manifested  as  periodic  thickness  variations  along  the  length  of  the  injected  melt  pass.  In 
fact,  this  explains  the  occurrence  of  periodic  cracks  seen  in  figure  5(c) .  Large  thickness 
variations  were  not  evident  in  WC  injected  layers.  Below  a  certain  powder  feed  rate  the 
Tic  injected  layers  were  uniformly  thick  and,  in  these  samples,  the  cracking  tendency  was 
dependent  primarily  upon  the  mechanical  properties  of  the  principle  phases.  We  can  offer 
no  good  explanation  of  why  the  TiC  containing  surface  should,  under  these  conditions,  be 
less  susceptible  to  cracking  than  those  containing  WC.  One  possible  explanation  is  the 
greater  ductility  of  the  matrix  in  the  TiC  injected  layer  compared  to  that  of  the  WC 
injected  layer  at  low  carbide  volume  fractions. 

The  Influence  of  Melt  Width 

One  of  the  advantages  of  laser  material  processing  is  its  ability  to  process  selected 
areas  without  affecting  the  neighboring  regions.  Large  areas  can  be  processed  by 
overlapping  several  adjacent  melt  passes.  Another  method  is  to  process  wider  surface 
strips  using  a  line  energy  source  such  as  an  oscillating  beam.  In  figure  9,  a  likely 
distribution  of  the  stresses  after  laser  surface  melting  is  shown.  Adapted  from 
Masubuchi ’ s^^  treatment  of  the  welding  problem,  this  diagram  gives  a  schematic 
representation  of  the  longitudinal  (o„)  and  the  transverse  (o„)  stress  distributions. 
Parallel  to  the  melt  pass,  figure  9(b),  the  entire  melt  width^and  portions  of  the  adjacent 
substrate  are  under,  tension.  Further  away  from  the  melt  pass,  the  substrate  is  under 
compression.  As  the  melt  width  is  increased,  the  maximum  tensile  stress  increases  and 
centerline  cracks  of  the  type  shown  in  figure  2  begin  to  appear.  The  transverse  stress, 
figure  9(c),  is  tensile  in  character  near  the  middle  of  the  melt  pass  and  compressive  near 
the  beginning  and  the  end  of  the  melt  pass.  In  practice,  as  '.-he  heat  source  moves  along 
the  length  of  the  melt  pass,  periodic  cycles  of  heating,  cooling,  stress  build-up  and 
cracking  occur  in  longitudinal  segments  of  the  injected  layer.  Thus  the  transverse  cracks 
occur  in  a  periodic  fashion  as  shown  in  figures  2  and  5. 

Cracking  occurs  when  the  residual  stresses  are  high  due  to  differential  cooling 
between  the  melt  zone  and  the  substrate,  these  differences  arising  from  the  rapid  heating 
and  cooling  rates  in  the  laser  heated  region.  To  make  wider  melt  passes  with  the  same 
laser  energy  density,  slower  traverse  speeds  were  used.  Reducing  the  traverse  speed 
increase  the  beam  interaction  time  (see  Table  I)  which  results  in  a  reduction  in  the 
solidification  and  cooling  rates  in  the  injected  layer.  Also,  the  oscillating  heat  source 
promotes  a  more  uniform  temperature  distribution,  which  results  in  lessened  residual 
stresses  and  a  lesser  tendency  towards  cracking.  A  stationary  heat  source  on  a  more 
rapidly  moving  sample  causes  steeper  temperature  gradients,  sharper  increases  in  residual 
stresses  and  a  greater  tendency  towards  cracking.  These  effects  result  in  the  reduction 
in  the  crack  density  with  increasing  melt  width  demonstrated  in  figures  2  i  3.  Also,  as 
fhe  cooling  rates  are  reduced,  the  period  between  the  thermal  cycles  explained  above 
increases  and  the  spacing  between  the  transverse  cracks  increases. 

Conclusions 


i.  Unlike  claddings,  which  may  be  considered  as  homogeneous  surface  layers,  particle 
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injected  layers  are  two-phase  composites.  Due  to  its  composite  nature  and  because  of 
structural  modification  of  the  metal  matrix,  carbide  injected  layers  are  subjected  to 
complex  residual  stresses.  These  stresses  are  a  function  of  the  carbide  volume  fraction 
and  the  elastic-plastic  and  thermal  properties  of  the  carbide  and  the  modifieJ  matrix 
phases . 

2 .  There  is  evidence  that  the  crachs  initiate  in  the  carbide  phase  and  then  continue  into 
the  matrix  phase. 

3.  In  medium  and  coarse  WC  injected  layers  the  cracK  density  decreases  with  increasing 
powder  feed  rate.  This  was  attributed  to  several  factors  including  an  increased  fracture 
resistance  at  higher  carbide  volume  fractions,  and  reductions  in  the  tensile  residual 
stresses  at  higher  volume  fractions  and  with  lower  cooling  rates. 

4.  Under  most  processing  conditions,  samples  injected  with  TiC  exhibited  more  cracking 
than  samples  injected  with  WC.  This  difference  results  from  differences  in  the  mechanical 
properties  of  the  carbides,  and  probably  also  from  microstructural  and  injected  layer  shape 
effects  resulting  from  processing. 

5.  Layers  injected  with  the  fine  WC  showed  a  greater  degree  of  cracking  than  those  made 
with  the  coarser  WC.  This  was  attributed  to  greater  carbide  dissolution  and,  hence, 
greater  embrittlement  of  the  matrix.  The  difference  in  cracking  tendency  betweent  he 
medium  and  coarse  WC  was  slight  because,  in  these  size  ranges,  the  difference  in  the  degree 
of  matrix  embrittlement  was  not  significant. 

6.  The  cracking  tendency  in  WC  injected  Inconel  625  decreased  with  increasing  melt  width 
because  of  reductions  in  the  cooling  rate  and  the  induced  stresses.  In  addition,  with 
increasing  melt  width,  centerline  cracks  replaced  transverse  cracks  as  the  dominant 
fracture  mode  as  a  result  of  higher  longitudinal  residual  stresses. 
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Klg.  1  inconel  625  alloy  injected  with  WC 
^articles-  Optical  micrographs,  a)  Topo- 
srapbical  viewJ  b)  Cro8s-*8ectional  view. 
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Fig.  2  Demonstration  of  the  effect  of  melt 
width  on  cracking.  Cracks  revealed  with  dye 
penetrant  and  UV  lighting.  a)  Sample  im’ltcd 
with  a  stationary  beam,  b)  Oscillating  beam 
melt  passes  0.55  and  1.15  cm  wide,  c)  Oscil 
latlng  beam  melt  passes  1.6  and  2.0  cm  wide. 
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Fig.  8  Matrix  microhardness  relative  to 
that  of  the  substrate  as  a  function  of  the 
normalized  thickness  of  the  injected 
layer  from  Ref.  11. 
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ABSTRACT 

By  the  laser  mel t/part icle  injection  process,  an  in  situ 
composite  surface  layer  of  particulate  material  in  a  matrix  made  up  of 
the  parent  metal  is  formed.  The  particles  are  usually  metal  carbides 
which  makes  the  injected  surface  layer  hard  and  wear  resistant.  In 
this  paper,  the  processing  technique  and  the  microstructures  obtained 
are  described.  In  addition,  the  hardness  and  wear  characteristics  of 
the  modified  surface  are  discussed. 

1.  INTRODUCTION 

Lasers  are  used  extensively  to  modify  metal  surfaces  to  enhance 
resistance  to  wear,  friction,  corrosion  and  high  temperature 
oxidation.  Laser  heat  treatment,  laser  melting,  laser  alloying  and 
laser  cladding  are  the  various  established  techniques  available  for 
surface  modification.  Their  selection  depends  upon  the  material  being 
treated  and  the  specific  application  that  one  has  in  mind.  For 
example,  cast  irons  and  some  steels  are  easily  laser  heat  treated  for 
surface  hardening  and  wear  resistance^.  Laser  alleging  of  low  carbon 
steels  with  chromium  enhances  corrosion  resistance^.  Laser  cladding 
with  Ni-Cr-WC  improves  the  wear  resistance  of  steels^,  while  laser 
cladding  with  Ni-Fe-Cr-Al-Hf  improves  the  high'  temperature  oxidation 
behavior  of  nickel-base  superalloys^ . 

In  laser  cladding,  since  the  clad  layer  is  necessarily  of  a 
different  material  than  the  substrate,  the  properties  of  the  modified 
surface  will  not  reflect  those  of  the  substrate.  For  example, 
although  a  hardfacing  alloy  would  improve  the  wear  resistance  of  a 
nickel-base  alloy,  it  may  fail  in  a  corrosive  environment.  The  laser 
melt/particle  injection  process  was  developed  to  improve  properties 
such  as  wear  resist^ce  while  retaining  sxobstrate  properties  such  as 
corrosion  resistance^.  It  is  also  one  of  the  few  means  available  to 
improve  the  wear  resistance  of  alloys  that  are  difficult  to  harden  by 
conventional  means,  for  example,  aluminum  alloys^.  In  laser  alloying, 
the  material  added  to  the  substrate  melt  dissolves  completely  to  form 
an  alloyed  surface.  In  laser  cladding,  the  material  added  fuses 
against  the  substrate  with  the  least  amount  of  dissolution  or 
dilution.  In  laser  melt/particle  injection,  high  melting  particles 
such  as  carbides  are  forcibly  entrained  into  the  laser  melt  pool  so 
that  upon  solidification,  a  particulate  composite  surface  forms  wibh  a 
matrix  that  is  of  a  composition  similar  to  the  base  metal^'  • 
Neither  fusion  nor  complete  dissolution  of  the  particles  into  the  melt 
occurs.  The  presence  of  the  carbide  particles  increases  hardness  and 
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wear  resistance,  while  the  matrix,  which  is  structurally  continuous 
with  the  substrate,  retains  much  of  the  properties  of  the  base  metal. 
Such  a  surface  would  be  suitable  for  applications  involving  a  high 
wear  and  corrosive  environment. 

2.  LASER  MELT/PARTICLE  INJECTION  PROCESSING 

A  schematic  diagram  of  the  laser  melt/particle  injection  process 
is  given  in  Figure  1.  A  shallow  melt  pool  was  formed  on  a  translating 
substrate  by  a  high  power  CW,  CO2  laser  beam.  The  slightly  off-focus 
beam  melted  a  2  to  3  mm  wide  layer.  Wider  melt  ^sses  were  made  by 
oscillating  the  laser  beam  using  a  dithering  mirror^.  A  copper  nozzle 
with  a  slotted  opening  injected  the  carbide  particles  into  the  melt 
pool.  Upon  solidification,  the  carbide/melt  mixture  formed  the 
injected  layer.  The  width  of  the  melt  pass  was  controlled  by  varying 
the  laser  beeim  oscillation  eunplitude.  By  this  means,  injected  layer 
widths  from  4  to  20  mm  were  produced.  Laser  power  levels  of  8  to  10 
kw  were  used  and  the  Scunple  translation  velocities  were  varied  from 
0.25  to  1.5  cm  sec“^  depending  upon  the  width  of  the  melt  pass. 
Typically,  the  injected  layers  were  1.0  to  1.5  mm  thick.  The  powder 
particles  were  carried  by  helium  gas,  which  not  only  served  to  propel 
them  but  also  to  keep  them  from  heating  to  fusion  as  they  travelled 
through  the  laser  beam.  Particle  size  distributions  of  45-75  urn  and 
75-150  um  were  used.  Finer  particles  overheated  and  dissolved 
excessively  into  the  melt  pool.  Coarser  tended  to  clog  the  delivery 
line  and  were  difficult  to  drive  into  the  melt  pool. 

Figure  1.  Schematic  diagram  of  the 
me  1 1 /par  t  id  e  injection 


laser 

process 


-A  cross-section  of  the  injected  layer  in  a  WC  injected  Inconel 
625  alloy  sample  appears  in  Figure  2.  The  layer  is  a  particulate 
composite  in  which  the  WC  particles  appear  as  light  grains  which  are 
surrounded  by  the  grey  Inconel  metal  matrix.  The  carbide  particles 
appear  uniformly  distributed  throughout  the  injected  layer  occupying  a 
volume  fraction  of  about  0i5.  Since  a  portion  of  the  melt  is 
displaced  by  the  particles,  the  excess  material  appears  as  the 
wounding  above  the  sample  surface.  The  mounding  and  the  penetration 
depth  make  up  the  layer  thickness.  These  three  dimensions  and  the 
carbide  volume  fraction  can  be  controlled  by  carefully  selecting 
processing  parameters  such  as  sample  translation  rate,  laser  power  and 
powder  feed  rate.  Composite  surface  layers  can  also  be  produced  by 
■  adding  particulate  •mixtures  of  carbide  and  metal  using  methods  such  as 
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plasma  transferred  arc®  and  laser  cladding  .  But  there  are  problems 
associated  with ' feeding  mixtures  of  powder  of  varying  density.  Also, 
with  laser  cladding,  the  carbide  volume  fraction  in  the  overlay  is 
usually  small®^,  edaout  0.15  to  0.2. 


Figure  2.  SEM  micrograph  of  cross-section  of  WC  injected  Inconel  625. 

The  influence  of  processing  parameters  such  as  sample  translation 
rate,  laser  pow  er  and  powder  feed  rate  on  inj  ect ed  layer 
characteristics  was  investigated  for  Tic  injected  Ti-6A1-4V®.  In  this 
study,  each  parameter  was  varied  keeping  the  other  two  constant. 
Increasing  the  sample  translation  rate  decreased  the  injected  layer 
dimensions.  This  happens  because  higher  sample  speeds  reduce  the 
laser  energy  density  needed  to  melt  the  surface.  The  flowing 
particles  assisted  in  coupling  the  laser  beam  to  the  scimple  surface, 
but  when  the  sample  translation  rate  was  too  rapid,  this  coupling  did 
not  occur  and  an  injected  layer  could  not  be  formed.  While  having  no 
effect  on  the  mounding,  increasing  the  laser  power  increased  the 
penetration  depth  and,  hence,  the  thickness  because  a  larger  volume  of 
the  surface  was  melted.  Since  the  same  quantity  of  powder  was  fed 
into  a  progressively  larger  volume  of  melt,  the  carbide  volume 
fraction  decreased.  Increasing  the  powder  feed  rate  had  no  effect  on 
penetration  depth,  but  increased  the  mounding  and,  hence,  the 
thickness  because  more  and  more  particulate  material  displaced  the 
fixed  volume  of  melt.  This  also  increased  the  carbide  volume 
fraction,  but  to  a  limit  of  about  0.6.  Beyond  this  limit,  the  melt 
just  dissolved  the  excess  carbide.  Although  the  powder  feed  rate 
could  be  varied  to  obtain  different  volume  fractions  of  the  hard 
phase,  typically  feed  rates  of  about  40-50  mm^  sec“^  were  employed  to 
give  a  consistent  volume  fraction  of  about  0.5. 

3.  STRUCTURAL  MODIFICATION 

As  shown  in  Figure  2,  the  major  surface  modification  is  in  the 
form  of  a  particulate  composite.  The  matrix  in  the  injected  layer  is 
structurally  continuous  with  the  substrate.  This  gives  the  process  a 
couple  of  unique  advantages.  One  is  strong  metallurgical  bonding 
throughout  the  surface  layer  and  the  other  continuity  of  properties  at 
the  layer/substrate  interface.  This  helps  in  preventing  delamination 
and  in  retaining  substrate  properties. 

Ideally,  the  particle  injected  surface  should  consist  of  hard 
particles  surrounded  by  a  metal  matrix  having  the  same  composition  and 
microstructure  as  the  base  metal.  Such  A  structure  was  obtained  in 
alviminiim  alloys  that  were  injected  with  TiC^^.  In  high  melting  alloys 
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like  those  based  on  Fe,  Ni  and  Ti,  the  melt  temperatures  are  high  and 
partial  dissolution  of  the  carbide  particles  into  the  melt,  occurs.  As 
a  result,  several  resolidif ication  products  foxm  from  the  carbide 
enriched  melt.  In  addition,  depending  upon  the  base  metal  and  the 
solidification  rates,  other  structural  modifications  occur.  For 
example,  transformation  products  such  as  martensite  form  in  tool 
steels,  fine  grain  structures  in  alviminum  bronze,  supersaturated  solid 
solutions  and  precipitation  reaction  products  in  stainless  steels^^. 


Figure  3.  SEM  micrographs  of  microstructures  in  particle  injected 
Inconel  625.  a)  WC  injected,  eutectic  carbides.  b)  WC  injected, 
resolidified  carbides.  c)  TiC  injected,  eutectic  carbides.  d)  TiC 
injected,  resolidified  carbides. 


The  metal  matrix  is  cellular,  as  in  Ti-6A1-4V,  or  dendritic,  as 
in  Inconel  625^  .  Within  the  metal  matrix  are  found  eutectic  phases 
and  resolidified  carbides,  the  products  of  carbide  dissolution. 
Examples  of  micros  true  tures  obtained  in  WC  and  TiC  injected  Inconel 
625  alloy  Scunples  appear  in  Figure  3.  The  eutectic  phases  occur  in 
the  inter-dendritic  regions  of  the  Ki-rich, dendrites  and  have  been 
identified  to  be.  complex  carbides^,  .  Eutectic  carbides  have  an 
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irregular  or  script-type  morphology  as  in  the  WC  injected  micrograph 
shown  in  Figure  3 (a),  or  a  lamellar  morphology  as  in  the  Tie  injected 
micrograph  shown  in  Figure  3(b).  A  second  eutectic  carbide  having  a 
lamellar  morphology  was  also  identified  in  the  WC  injected  sample^^. 
Eutectic  carbides  predominate  the  microstructure  where  the  dissolution 
kinetics  are  less  severe.  In  the  lower  portion  of  the  melt  poolr  the 
melt  is  conduction  cooled  rapidly  allowing  for  modest  dissolution.  In 
the  upper  portion  of  the  melt  pool  which  is  superheated,  the 
dissolution  rate  is  high  and  resolidified  carbides  predominate  the 
microstructure.  While  the  eutectic  carbides  are  the  final 
solidification  products  as  the  solute-enriched  inter-dendritic  liquid 
freezes,  resolidified  carbides  are  free  dendrites  that  form  from  the 
melt  before  the  melt  begins  to  solidify.  Resolidified  carbides  have 
no  orientation  relationship  with  the  metal  matrix.  They  grow  with  the 
preferred  crystallographic  orientation  of  the  carbide  from  which  they 
are  derived.  Hence,  in  the  WC  injected  micrograph  shown  in  Figure 
3(c),  the  resolidified  carbides  appear  as  isolated,  eguiaxed  dendrites 
demonstrating  an  apparent  relationship  to  the  hexagonal  WC  crystal. 
In  the  Tic  injected  micrograph  shown  in  Figure  3(d),  the  resolidified 
carbides  appear  as  a  network  of  dendrites  oriented  in  the  <100> 
direction  demonstrating  an  apparent  relationship  to  the  cubic  TiC 
crystal . 

In  addition  to  the  appearance  of  the  dissolution  products, 
modifications  in  the  injected  carbide  morphology  occur.  Before  they 
interact  with  the  melt,  the  ball-milled  carbide  particles  are  angular 
and  smooth.  Where  the  dissolution  rates  are  low,  the  WC  particles 
appear  smooth  with  only  modest  rounding  and  are  decorated  with  the 
eutectic  carbides  as  shown  in  Figures  3  (a) .  The  TiC  surface  is  smooth 
and  slightly  rounded  as  shown  in  Figure  3  (c) .  Where  the  dissolution 
rates  are  high,  the  WC  particles  appear  perturbed  or  scalloped  as 
shown  in  Figure  3  (b)  .  Perturbations  were  present  to  a  very  small 
degree  in  TiC  as  shown  in  Figure  3  (d) .  Whether  smooth  or  perturbed, 
that  a  strong  metallurgical  bond  exists  between  the  injected  carbide 
particles  and  the  metal  matrix  is  evident  from  the  micrographs  in 
Figure  3.  This  is  not  surprising  because  both  WC  and  TiC  are  wetted 
easily  by  most  liquid  metals.  The  strong  metallurgical  bond  is 
important  because  it  will  determine  the  hardness  and  wearability  of 
the  particle  injected  surface.  Both  the  eutectic  and  the  resolidified 
carbides  are  heavily  alloyed,  but  partition  of  the  alloying  elements 
from  the  base  metal  is  selective.  In  Inconel  625,  depending  upon 
their  nature,  the  resolidification  products  were  selectively  alloyed 
by  Cr,  Mo  and  Nb.  The  injected  particle  surface  is  also  alloyed  and 
has  a  composition  similar  to  that  of  the  resolidified  carbides^. 

Eutectic  and  resolidified  carbides  were  also  observed  in  WC  and 
Tic  injected  Ti-6A1-4V  alloy  samples”'^^.  With  the  exception  of  the 
resolidified  carbides  in  Ti-6Al-4V/TiC,  the  morphologies  of  the 
dissolution  products  in  Ti-6A1-4V  were  different  from  those  in  Inconel 
625^  .  Comparing  particle  morphologies  in  Figures  3(b)  and  3(d),  it 
is  evident  that  WC  particles  dissolve  to  a  greater  extent  than  TiC 
particles.  This  is  because  at  high  temperatures,  TiC  is 
thermodynamically  more  stable  than  WC^^. 
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The  iniplicatiohs  of  these  matrix  microstructurai  -  modifications 
are  several.  Not  only  would  they  influence  surface  properties  such  as 
hardness,  friction  and  wear,  they  would  also  affect  inherent  material 
properties  such  as  corrosion  and  toughness.  In  practice,  the 
processing  conditions  and  particulate  material  are  selected  for 
maximum  gain  in  tribological  properties  with  minimum  loss  of  base 
metal  properties. 


Figure  4.  Relationship  between 
surface  hardness  and  carbide 
volume  fraction  for  Ti-6Al-4V/TiC 


VOLUME  %  TC 

Figure  5.  Relationship  between 
matrix  microhardness  and  volume 
%  carbide  for  Ti-6Al-4V/TiC. 


4.  HARDENING  BY  PARTICLE  INJECTION 

One  of  the  goals  of  laser  melt/particle  injection  processing  was 
to  -harden  metals.  To  study  the  hardening  of  particulate  composites, 
one  of  the  variables  investigated  was  the  volume  fraction  of  the 
carbide  phase.  It  was  found  that  carbide  volume  fraction  influenced 
not  only  the  hardness  of  the  composite  layer,  but  also  that  of  the 
inter-particle  matrix^.  Surface  hardness  has  an  approximate  linear 
dependence  on  the  carbide  volume  fraction.  This  was  demonstrated  for 
Tic  injected  Ti-6A1-4V  alloy  samples  as  shown  in  Figure  4,  For  these 
studies,  an  indentation  load  of  15  N  was  used.  Since  the  indentation 
intercepted  only  a  few  carbide  particles,  we  see  a  scatter  in  the  data 
as  well  as  a  particle  size  dependence.  For  the  coarser  particles,  the 
inter-particle  spacing  is  larger  and  fewer  particles  are  intercepted 
by  the  indentor,  effectively  giving  a  lower  value.  To  intercept  more 
particles,  a  .larger,  load  would  be  required,  but  then  the  hardness 
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reading  would  be  influenced  erroneously  by  the  substrate  below  the 
injected  layer*  In  this  alloy,  the  hardness  of  the  base  metal  was  35 
HRC  which,  with  only  0.15-0.20  vol.  fraction  of  carbide,  was  increased 
to  48  HRC.  The  maximum  volume  fraction  of  carbide  injected  into  the 
alloy  was  0.55%  which  gave  a  hardness  of  about  60  HRC.  It  appeared 
that  with  only  modest  volume  fractions  of  the  carbide  phase,  a 
significant  increase  in  hardness  can  be  achieved. 

Increasing  the  carbide  volume  also  increased  the  matrix 
microhardness.  This  trend  was  seen  in  TiC  injected  Ti-6A1-4V  and  is 
shown  in  Figure  5.  The  trend  is  a  rapidly  increasing  one,  especially 
in  the  high  volume  %  range.  The  increase  in  matrix  microhardness  is 
due  to  the  presence  of  increasing  quantities  of  resolidification 
products.  As  larger  volumes  of  carbide  particles  are  injected  into 
the  melt,  the  carbide  surface  area  in  contact  with  a  finite  volxime  of 
melt  increases,  resulting  in  increased  carbide  dissolution.  Also,  at 
higher  carbide  volume  feed  rates,  it  was  observed  during  processing 
that  the  melt  temperatures  were  higher  which  would  promote  more 
dissolution.  In  fact,  instead  of  increasing  the  carbide  volume 
fraction  continuously  to  higher  values,  increasing  the  powder  feed 
rate  only  increased  the  dissolution  rate  and,  thereby,  the  amount  of 
resolidification  products. 

Table  I.  Hardness  Values  in  Several  Alloys  as  a  Result  of  Particle 
Injection. 


Alloy 

Hardness  (HR) 

Microhardness  (HV) 

Ratio^ 

Base  Injected 

Ratio* 

Base 

HAZ 

Matrix 

304  SS/TiC 

B7  8 

C37 

2.4 

152 

196 

219 

1.4 

4340  Tool/TiC 

C27 

C62 

2.6 

430 

950 

1061 

2.5 

5052  Al/TiC 

B50 

B61 

1.2 

78 

70 

71 

0.9 

A1  bronze/TiC 

C25 

C27 

1.1 

225 

239 

287 

1.3 

Inconel  625/TiC 

B93 

C46 

2.2 

300 

302 

460 

1.5 

Inconel  625/WC 

B93 

C53 

2.7 

282 

289 

612 

2.2 

Ti-6Al-4V/TiC 

C35 

C64 

2.3 

348 

414 

626 

1.8 

Ti-6Al-4V/WC 

C36 

C42 

1.2 

360 

405 

430 

1.2 

^Injected  to  base 
"Matrix  to  base. 

after 

converting 

to  DPH. 

For  different  alloy  systems,  the  degree  of  hardening  is 
different.  The  Rockwell  hardness  and  the  relative  increase  in 
hardness  for  several  alloys  are  given  in  Table  I.  Also  given  in  the 
table  are  the  matrix  microhardness  values  and  their  relative  increase 
over  that  of  the  base  metal.  The  microhardness  was  measured  on  the 
Vicker's  scale  using  a  100  g  load.  Part  of  the  data  is  taken  from 
Ref.  11.  In  all  cases  the  particle  voliime  was  about  40-50  %  so  the 
effect  of  carbide  volume  fraction  on  the  hardness  was  minimized. 
Particle  injection  increased  the  surface  hardness  by  as  little  as  1.1 
times  in  A1  bronze/TiC  to  as  much  as  2.7  times  in  Inconel  625/WC.  The 
major  hardening  mechanism  is  the  inhibition  of  plastic  flow  during 
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deformation  by  the  injected  phase.  It. was  also  discovered  that 
deformation  stresses  in  WC  particles  were  relieved  by  the  formation  of 
deformation  bands  in  the  carbide  phase^^.  In  some  alloys,  other 
hardening  mechanisms  associated  with  microstructural  changes  also 
played  a  role.  Depending  upon  the  base  metal,  solid  solution 
strengthening,  precipitation  hardening,  transformation  hardening  and 
hardening  due  to  microstructural  refinement  are  some  of  these 
hardening  mechanisms  as  explained  below. 

As  shown  in  Table  I,  the  increase  in  matrix  microhardness  over 
that  of  the  base  metal  can  be  as  little  as  1.2  times  in  Ti-6Al-4V/WC 
to  as  much  as  2.5  times  in  4340  tool  steel/TiC.  In  the  case  of  5052 
Al/TiC,  slight  softening  occurred  both  in  the  matrix  and  the  HAZ 
probably  due  to  the  dissolution  of  precipitates  which  normally  harden 
the  alloy.  •  In  304  stainless  steel,  4340  tool  steel.  Inconel  625  and 
Ti-6A1-4V,  the  presence  of  carbide  dissolution  products  such  as 
resolidified  carbides  enhanced  matrix  microhardness  probably  by  a 
dispersion  hardening  mechanism.  In  A1  bronze,  no  dissolution  products 
were  found  and  structural  refinement  was  the  main  reason  for  the 
increased  matrix  microhardness.  Microstructural  refinement  and  solid 
solution  strengthening  further  contributed  to  the  microhardening  in 
Ti-6A1-4V,  stainless  steel  and  tool  steel  alloy  samples.  Additionally, 
in  the  tool  steel  sample,  transformation  hardening  due  to  martensite 
resulted  in  a  significantly  harder  matrix  as  well  as  HAZ.  In  most 
other  alloys,  the  HAZ  shows  a  slightly  higher  microhardness  than  the 
base  metal  and  this  is  mostly  due  to  structural  refinement.  In 
Inconel  625,  the  base  metal  and  the  HAZ  have  nearly  the  same 
microhardness.  The  effective  absence  of  a  HAZ  in  this  alloy 
demonstrates  the  high  temperature  stability  of  the  superalloy 
microstruc ture. 

A  comparison  of  hardening  in  Inconel  625  and  Ti-6A1-4V  alloys 
injected  with  TiC  and  WC  revealed  contrasting  trends.  When  injected 
with  WC,  Inconel  625  is  harder  both  on  the  macroscopic  as  well  as  on 
the  microscopic  scale  than  when  injected  with  TiC,  The  opposite  is 
true  in  Ti-6A1-4V.  It  seems  that  the  dissolution  products  in  Inconel 
625/WC  are  more  effective  in  hardening  the  matrix  than  those  in 
Inconel  625/TiC.  On  the  other  hand,  the  dissolution  products  in  Ti- 
6Al-4V/TiC  appear  to  be  more  effective  in  hardening  the  matrix  than 
those  in  Ti-6Al-4V/WC .  The  effect  of  carbide  type  on  matrix 
microhardening  is  illustrated  in  Figure  6  for  Inconel  625.  In  this 
fi-gure,  matrix  microhardness  relative  to  that  of  the  siibstrate  is 
plotted  as  a  function  of  injected  layer  thickness.  It  is  apparent 
that  WC  injection  produces  more  hardening  than  TiC  injection.  There 
is  also  a  particle  size  effect.  Particles  with  a  finer  size 
distribution  dissolve  to  a  greater  extent  than  particles  with  a 
coarser  size  distribution  thereby  hardening  the  matrix  to  a  greater 
extent.  Another  trend  in  the  microhardness  is  the  increasing  trend 
with  layer  thickness.  This  is  because  in  the  upper  portions  of  the 
injected  layer  resolidified  carbides  predominate  and  harden  the  matrix 
to  a  greater  degree  than  the  eutectic  carbides  that  predominate  in  the 
lower  portions  of  the  injected  layer.  These  differences  in  the 
hardening  trends  will  dictate  the  choice  of  the  type  and  size 
distribution  of  the  pajticulate  material.*  Determining  the  degree  of 
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hardening  due  to  inicrostructural  modification  from  the  various 
solidification  reactions  is  important  because  it  Will  influence  the 
friction  and  wear  behavior  of  the  surface  composite. 


] 

1 


1 

J 


i 
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Figure  6.  Matrix  inicrohardness 
relative  to  base  metal  as  a 
function  of  the  thickness  of 
the  injected  layer. 

Figure  7.  Wear  volume  as  a 
function  of  volume  %  carbide  after 
dry  sand/rubber  wheel  testing^^. 


DRY  SANO/RUBBER  WHEEL  WEAR  TEST 


5.  FRICTION  AND  WEAR  BEHAVIOR  OF  PARTICLE  INJECTED  SURFACES 


To  evaluate  the  response  of  particle  injected  surfaces  to  wear, 
standard  dry  sand/rubber  wheel  erosion  wear  tests  were  performed  on 
Ti-6A1-4V  and  several  A1  alloys  injected  with  TiC  particles^^.  The 
samples  were  ground  down  to  produce  flat  wear  surfaces.  Each  test 
involved  a  sliding  distance  of  718  m  and  a  contact  load  of  134  N. 
After  each  test  the  wear  volume  was  measured.  In  Figure  7,  the  wear 
volume  is  plotted  as  a  function  of  the  vol.  %  carbide.  With  as  little 
as  25  to  30  vol.  %  of  carbide  present,  a  significant  reduction  in  wear 
volume  occurred.  The  improvement  in  erosion  wear  resistance  was  as 
much  as  38  times  for  2024  A1  with  58  vol.  %  TiC  to  14  times  for  Ti- 
6A1-4V  with  60  vol.  %  TiC.  The  wear  rates  were  found  to  approach 
those  of  Cdst  commercial  wear  resistant  alloys  tested  under  similar 
conditions'*^^ . 

An  examination  of  the  injected  surface  in  the  SEM  after  erosion 
wear  testing  revealed  that  the  carbide  particles  had  become  rounded, 
but  most  of  the  erosion  was  confined  to  the  inter-particle  matrix. 
Also,  matrix  erosion  was  not  sufficient  to  cause  particle  pullout,  nor 
did  the  wear  stress  cause  any  particle  fracture^^.  Similar  results 
were  reported  when  .the  same  alloys  were  abrasive  wear  tested  with  fine 
diamond  particles^  .  The  abrasive  wear  resistance  of  A1  alloys 
improved  by  as  much  as  a  factor  of  30  in  scunples  containing  TiC,  while 
for  the  Ti-6A1-4V  containing  TiC,  the  largest  improvement  was  by  a 
factor  of. .about  ,4..  The  results  were  less  dramatic  with  the  Ti  alloy 
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because  even  in  the  untreated  form  Ti  exhibits  a  relatively  high 
resistance  to  abrasive  Wear. 

Another  test  of  improved  wear  behavior  is  the  dynamic  coefficient 
of  friction  (uj^)  test.  Before  the  measurement,  the  sample  surface  was 
ground  smooth  and  polished  up  to  3  urn  diamond.  Both  the  sample 
surface  and  a  1.27  cm  diameter  52100  steel  slider  were  thoroughly 
cleaned.  The  tests  were  made  in  an  unlubricated  condition  with  a  9.8 
N  load  and  a  slider  velocity  of  0.01  cm  s“^.  For  Ti-6Al-4V/TiC,  after 
the  first  slide,  Uj^  decreased  from  a  value  of  0.4  tp  0.2  with  only  20 
vol .  %  of  carbide  present  in  the  injected  surface^  .  With  50  vol.  % 
carbide,  Uj.  reduced  to  0.16.  With  repeated  cycles  in  the  same  track, 
Ui^  remained  0.4  for  the  untreated  sample,  but  increased  to  0.3  for  the 
20  vol.  %  sample  and  to  0.23  for  the  50  vol.  %  sample^  . 

The  low  uj^  value  after  the  initial  cycle  is  what  one  would  expect 
for  a  steel  ball  in  contact  with  only  the  carbide  phase.  This 
observation  suggests  that  in  the  initial  phase  of  the  measurement 
there  is  very  little  contact  between  the  slider  and  the  metal  matrix, 
especially  since  polishing  leaves  the  carbide  particles  standing  in 
relief  above  the  metal  matrix.  In  effect,  the  slider  rides' along  the 
top  of  the  protruding  carbides  making  only  intermittent  contact  with 
the  matrix.  This  accounts  for  the  low  Uj^  value  during  the  initial 
slides  in  all  samples.  In  higher  carbide  content  samples,  the  carbide 
particles  are  more  densely  packed  and  slider/matrix  contact  is  further 
minimized,  and  a  still  lower  Uj^  results.  Some  of  the  intermittent 
metal-to-metal  contacts  express  themselves  as  an  increase  in  Uv.  As 
the  number  of  slides  increases,  the  probability  of  slider/matrix 
contact  increases,  thereby  increasing  u^.  In  the  untreated  form,  the 
wear  scars  produced  by  the  slider  were  deeper  and  wider  compared  to 
those  in  the  injected  seunples.  In  the  injected  sample,  the  wear  scar 
was  confined  to  the  matrix,  the  carbides  themselves  showing  little 
damage. 

Frictional  damage  of  the  metal  matrix  and  the  Uj^  of  the  injected 
layer  would  depend  upon  the  microstructural  and  microhardness 
characteristics  of  the  matrix.  This  aspect  was  investigated  for 
Inconel  625  alloy  samples  injected  with  WC  and  TiC^  .  Both  the  matrix 
microstructure  and  microhardness  vary  widely  in  this  alloy  depending 
upon  the  type  of  injected  carbide.  In  this  experiment,  besides 
measuring  Uj^  as  a  function  of  the  number  of  passes,  the  wear  scars 
were  examined  in  the  SEM  and  evaluated  for  the  extent  of  wear  and  the 
nature  and  composition  of  the  wear  debris.  In  the  untreated 
condition,  Uj^  increased  from  0.55  to  0.72  after  15  slider  passes. 
After  the  same  number  of  passes,  u^  increased  gradually  from  0.15  to 
0.33  for  a  WC  injected  sample  and  somewhat  rapidly  from  0.15  to  0.41 
for  a  Tic  injected  sample.  These  increasing  trends  for  Uj^  are  similar 
to  those  found  in  Ti~6Al-4V  injected  with  TiC  discussed  earlier. 

The  increase  in  uj^  as  a  function  of  the  nxanber  of  slides  was  due 
to  the  progressive  deposition  of  wear  debris  on  the  sample  surface^  . 
In  the  WC  injected  samples,  SEM  examination  showed  mild  abrasion  of 
the  hard  metal  matrix,  but,  along  the  leading  edges  of  the  carbide 
particles,  wear  debris  was  found.  . -Microprobe  analysis  showed  that  the 
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wear  debris  was  made  up  of  mostly  slider  material  with  only  a  trace  of 
matrix  material.  .  In  the  TiC  injected,  samples,  SEM  examination 
revealed  a  heavily  deunaged  matrix  and  wear  debris  that  was  identified 
as  a  mixture  of  slider  and  matrix  material.  In  this  case,  the  slider 
appeared  to  have  plowed  through  the  soft  metal  even  in  the  presence  of 
trace  amounts  of  resolidified  carbides  such  as  the  ones  shown  in 
Figure  3  (d) .  Having  no  orientation  relationship  with  the  metal 
matrix,  the  resolidified  carbides  were  just  pushed  aside  as  the  matrix 
abraded  under  the  stress  of  the  slider.  Both  the  WC  and  the  TiC 
injected  sample  microstructures  contained  eutectic  carbides.  But  the 
irregular  eutectic  in  the  WC  injected  sample,  shown  in  Figure  3(a), 
made  the  matrix  harder  than  the  lamellar  eutectic  in  the  TiC  injected 
sample,  shown  in  Figure  3(c).  These  microstructure-microhardness 
observations  suggest  that  the  presence  of  eutectic  carbides  and  the 
resulting  degree  of  hardening  appear  to  be  more  important  in 
determining  frictional  wear  resistance  than  the  presence  of 
resolidified  carbides. 

6.  CONCLUSIONS 

1.  In  situ  surface  composites  of  particulate  material  in  a  matrix 
made  up  of  the  parent  metal  can  be  formed  by  the  laser  melt/particle 
injection  process. 

2.  When  the  injected  particles  are  metal  carbides,  the  injected 
surface  becomes  hard  and  wear  resistant.  Since  the  metal  matrix  is  of 
a  composition  similar  to  the  substrate,  the  modified  surface  retains 
many  of  the  properties  of  the  base  material  such  as  corrosion 
resistance.  Also,  since  the  matrix  is  structurally  continuous  with 
the  substrate,  delamination  and  spalling  do  not  occur. 

3.  Laser  beam  parameters  and  particle  injection  rates  can  be  selected 
to  achieve  the  desired  injected  layer  dimensions  such  as  penetration 
depth,  mounding  and  thic)cness  and  the  desired  carbide  volume  fraction 
which  is  usually  limited  to  about  0.6. 

4.  Although  not  desired,  partial  dissolution  of  the  carbide  phase 
into  the  laser  melt  does  occur  and  the  dissolution  products  appear  as 
dendritic  resolidified  carbides  and  as  eutectic  carbides  having 
various  morphologies.  The  types  of  resolidification  products  depend 
upon  the  substrate  material,  the  type  and  size  distribution  of  the 
carbide  and  the  location  in  the  melt  pool. 

5.  Injected  layer  surface  hardness  increases  linearly  with  increasing 
carbide  volume  fraction.  Resistance  to  plastic  flow  by  the  dispersed 
particles  during  indentation  deformation  is  the  piincipal  niechaiiism 
for  the  increase  in  hardness.  But  additional  hardening  mechanisms 
such  as  dispersion  hardening  by  the  resolidification  products  and 
transformation  hardening  also  play  a  role.  When  carbide  dissolution 
products  are  present,  the  matrix  microhardness  shows  a  rapidly 
increasing  trend  with  increasing  carbide  volume  fraction. 

6.  Erosion  and  frictional  wear  decrease,  rapidly  with  increasing 
carbide  volumes  in  the  injected  layer.  Resistance  to  erosive  and 
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abrasive  wear  by  the  hard  carbide  particles  contributes  largely  to 
enhancing  the.  Wear  resistance  of .  Pja.rticle  injected  samples.  Most 
materials  have  a  low  coefficient  of  friction  in  sliding  contact  with 
carbides.  This  and  the  fact  that  the  matrix  can  be  hardened  by 
dissolution  reactions  reduces  friction  wear  in  particle  injected 
samples. 
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ABSTRACT 

Metal  surfaces  are  hardened  and  made  wear  resistant  by 
pneumatically  injecting  carbide  particles  into  a  melt  pool  formed  by  a 

high  energy,  oscillating  CO2  laser  beam.  The  injected  layer  is  a  metal  -< 

matrix/carbide  particulate  composite  which  is  structurally  continuous 

with  the  substrate.  Because  the  metal  matrix  has  a  composition  and 

properties  similar  to  the  substrate,  particle  injected  layers,  while 

acquiring  superior  tribological  properties,  retain  much  of  the 

corrosion  resistance  and  toughness  of  the  original  material.  Laser 

parameters  and  powder  feeding  conditions  can  be  chosen  to  achieve  the 

desired  carbide  volume  fraction  (limited  to  about  0.6)  and  the  selected 

injected  layer  dimensions.  The  major  modification  of  surface 

properties  is  due  to  the  presence  of  the  carbide  phase  in  the  metal 

surface.  Additional  changes  result  from  the  partial  dissolution  of  the 

carbide  particles  into  the  molten  metal  matrix.  The  nature  of  the 

starting  materials  and  the  processing  and  thermal  conditions  determine 

the  extent  of  the  dissolution  process.  Resolidified  carbides  and 

solute-rich  eutectic  regions  are  some  of  the  raicrostructural 

modifications  observed  in  the  metal  matrix.  These  microstructures 

promote  microhardening  which  reduces  the  coefficient  of  sliding 

friction,  and  may,  together  with  the  undissolved  injected  carbide, 

affect  the  tribological  behavior. 


INTRODUCTION 

Surface  modification  and  coating  of  materials  is  done  to  enhance 
resistance  to  wear,  friction,  corrosion  and  high  temperature  oxidation. 
Of  the  various  surface  modification  technologies  available,  laser 
surface  modification  is  gaining  recognition  for  its  unique  advantages 
and  capabilities  (1).  Among  other  advantages  the  rapid  heating  and 
cooling  rates  brought  on  bv  the  high  energv  densirv  short 

interaction  time  makes  the  laser  stand  apart  from  other  modes  of  heat 
input  such  as  flame  spray  and  weld  overlay.  Rapid  cooling  rates  in  the 
melt  rormed  by  the  laser  beam  can  be  of  the  order  of  10“-i0®  sec'‘ 
depending  upon  the  melt  depth  and  the  self -quenching  ability  of  the 
substrate.  Under  these  solidification  conditions,  novel  and  refined 
raicrostructures  having  useful  properties  can  form  in  the  melted  layer 

If  alloying  additions  are  made  into  'the  melt  pool,  the  surface 
chemistry  of  the  material  can  be  altered.  For  example,  the  addition  of 
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chromium  Co  low  carbon  steels  can  form  a  stainless  steel  type  of  a 
surface  chat  is  resistant  to  corrosion  (2).  Alternatively,  the 
addition  of  carbide  forming  alloying  elements,  such  as  a  Cr-Mn-C 
mixture,  can  form  a  surface  having  dispersed  carbides  which  makes  the 
material  resistant  to  wear  (3).  Materials  having  totally  different 
chemistry  and  properties  from  chat  of  the  substrate  can  also  be  fused 
as  claddings  on  the  sample  surface.  While  complete  alloying  or 
dilution  is  sought  with  laser  alloying,  minimum  dilution  of  the 
overlayer  is  sought  with  laser  cladding.  Minimum  dilution  is  sought  in 
order  to  preserve  the  desired  properties  of  the  clad  material.  To 
enhance  wear  resistance,  hardfacing  alloys  are  clad  onto  softer,  less 
wear  resistant  metals.  For  example,  cladding  of  a  Ni-Cr-UC  mixture  was 
done  to  improve  the  wear  resistance  of  steels  (4)  .  A  problem  with 
laser  cladding  is  the  possible  loss  of  the  original  base  material 
properties  such  as  corrosion. 


The  laser  melt/particle  injection  process  was  developed  to 
improve  properties  such  as  wear  resistance  while  retaining  properties 
such  as  corrosion  resistance  (5).  It  provides  a  means  to  improve  the 
wear  resistance  of  alloys  that  are  difficult  to  harden  by  conventional 
means,  for  example,  aluminum  and  copper  alloys.  It  also  strives  to 
harden  alloys  that  cannot  be  easily  hardfaced  due  to  the  formation  of 
brittle  intermetallics  at  the  interface,  for  example,  titanium  alloys. 
Laser  melt/particle  injection  is  neither  alloying  or  cladding.  In  this 
process  hard  particles  such  as  carbides  are  impregnated  into  the  metal 
surface  to  form  a  particulate/metal  matrix  composite  surface  layer 
(5,6).  The  wear  resistance  is  derived  from  the  hard  constituent  of  the 
composite,  normally  a  metal  carbide,  while  the  metal  matrix,  which  is 
of  a  composition  similar  to  the  substrate  and  which  is  structurally 
continuous  with  the  substrate,  retains  much  of  the  properties  of  the 
parent  metal  such  as  corrosion  resistance  and  toughness. 


PROCEDURES 

A  shallow  melt  pass  was  made  on  the  surface  of  a  sample  bv 
translating  it  through  a  laser  beam.  High  melting  point  particles  were 
pneumatically  injected  into  the  melt  pool  to  form  the  hardened 
surfaces.  A  high  power  continuous  wave,  CO2  laser  beam  was  used  in  the 
unstable  resonator  mode.  The  slightly  defocussed  laser  beam  would,  if 
not  oscillated,  melt  a  shallow  layer  2  to  3  mm  in  diameter.  Bv 
oscillating  one  of  the  reflecting  mirrors,  the  laser  beam  was  shaped 
into  a  line  energy  source  so  that  melt  passes  of  different  widths  could 
be  produced.  In  order  Co  inject  the  particles  ov^-i  the  wide  melt  area, 
a  specially  designed  slotted  nozzle  was  used.  The  nozzle  was 
placed  at  a  45  to  60®  angle,  1  to  2  cm  away  from  the  sample  svirface 
Powder  particles  were  blown  into  the  melt  pool  at  a  rate  of  0.2  to  05 
cm  sec'^  by  helium  carrier  gas.  A  schematic  diagram  of  the  laser 
raelt/particle  injection  process  is  shown  in  figure  1.  The  laser  was 
used  at  power  levels  of  8  to  10  kW,  and  sample  translation  rates  were 
varied  from  0  25  to  1.5  cm  sec'^  depending  upon  the  width  of  the  melt 
pass  . 
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OSCILLATION 


Figure  1.  Schematic  diagram  of  the  laser  melc/particle  injection 
process . 

Several  alloys,  especially  low  density/high  strength  aluminum  and 
titanium  alloys,  have  been  processed  by  this  technique  and  evaluated 
for  wear  behavior  (7,8).  Kost  of  the  work  reported  herein  was  done  on 
Ti-6Al-4V  and  Inconel  625  alloy  samples  injected  with  WC  or  TiC.  The 
titanium  alloy  has  high  strength,  but  poor  galling  resistance,  while 
the  nickel  base  superaTloy  has  high  corrosion  resistance  and  toughness, 
and  limited  wear  resistance.  Carbide  particle  sizes  varied  from  45  to 
150  microns.  Both  carbides  are  commonly  used  in  hardfacing  operations 
and  are  inert  to  corrosive  environments. 

The  choice  of  the  processing  parameters  depended  upon  the  desired 
characteristics  of  the  injected  layer.  Thickness,  width  and  carbide 
volume  fraction  were  some  of  the  injected  layer  characteristics 
considered  when  choosing  laser  power,  sample  translation  rate  and 
powder  feed  rate.  Material  property  differences  also  played  a  part  in 
the  choice  of  processing  conditions.  For  example,  density  differences 
between  the  particulate  material  and  the  substrate  melt  governed 
particle  injection  conditions,  lighter  particles  needing  greater 
momentum  than  heavier  particles.  In  an  earlier  studv  (9),  the  effects 
of  processing  parameters  on  the  injected  layer  dimensions,  the  carbide 
volume  and  the  hardness  were  investigated  for  Ti alloy  samples 
injected  with  TiC  particles.  That  study  showed,  among  other  results, 
that  the  carbide  volume  fraction  in  the  injected  laver  was  limited  to 
0.6. 


Particle  injected  samples  were  examined  using  optical  microscopy 
and  scanning  electron  microscopy.  Injected  samples  were  polished  to 
one  micron  diamond  and  etched  to  reveal  the  raicrostructure .  The 
various  microconstituents  were  identified  in  the  SEM,  and  electron 


-  M  7  - 


mlcroprobe  analysis  was  carried  out  to  determine  the  compositional 
variations  In  the  modified  surface  layer.  Further  analysis  of  the 
injected  surface  involved  determining  the  macrohardness  of  the 
composite  surface  and  the  microhardness  of  the  inter-particle  matrix. 
The  superficial  macrohardness  ‘was  measured  with  a  Rockwell  indentor 
using  a  13  kg  load,  and  the  microhardness  was  measured  on  a  Vickers 
tester  with  a  100  g  load.  Kinetic  coefficient  of  friction  measurements 
were  made  between  a  1.27  cm  diameter  52100  hard  steel  ball  and  the 
polished  sample  surface.  The  test  is  described  elsewhere  (10) .  The 
damaged  surface  was  evaluated  for  the  type  and  extent  of  wear  using  the 
SEM. 


RESULTS  AND  DISCUSSION 

Surface  modification  by  the  laser  melt/particle  injection  process 
produces  a  unique  surface  structure.  The  structure  is  an  in  situ 
particulate/metal  matrix  composite.  In  between  the  particles  there  are 
varying  degrees  of  microstructural  modifications,  each  dependent  upon 
the  nature  of  the  starting  materials  and  upon  the  processing 

conditions.  Accompanying  these  microstructural  modifications  are 
improvements  in  hardness  and  wear  resistance,  which  are  the  main  goals 
of  the  particle  injection  laser  surface  modification  technique. 

Microscructures  of  Particle  Injected  Surfaces. 

The  composite  nature  of  a  particle  injected  layer  is  evident  from 
the  SEM  micrograph  of  figure  2.  This  micrograph  is  of  an  Inconel  625 
alloy  sample  that  was  injected  with  WC  particles.  The  WC  particles 
appear  as  light  grains  surrounded  by  the  greyish  inconel  metal  matrix. 
The  carbide  particles  appear  uniformly  distributed  throughout  the 

injected  layer  and  occupy  about  50%  of  the  total  volume.  There  is  no 
volume  fraction  gradient  between  the  top  and  bottom  portions  of  the 
melt  pool.  The  injected  layer  is  dense  showing  very  little  porosity. 

The  melt  interface  has  a  slightly  sinusoidal  shape  brought  on  by 
the  oscillating  motion  of  the  laser  beam.  Since  a  portion  of  the  melt 
is  displaced  by  the  injected  particles,  the  excess  material  shows  up  as 
the  mounding  above  the  original  sample  surface.  The  mounded  portion  of 
the  injected  layer  is  nearly  flat,  but  it  is  rough  due  to  the  presence 

of  projecting  carbide  particles.  Before,,the  particle  injected  sample 

is  used  in  a  wear  test,  the  roughness  is  removed  by  grinding.  The 
injected  layer  appears  uniformly  thick  and  almost  rectangular  in  cross- 
section.  TTie  layer  thickness  in  figure  2  varies  from  1.2  to  1.5  mm. 
The  width  of  the  injected  layer  is  about  1  cm,  but  bv  suitably 
adjusting  the  oscillation  amplitude  of  the  laser  beam,  injected  layer 
widths  from  0.^  to  2.0  cm  were  achieved. 

Similar  cross-sectional  structures  were  observed  in  TiC  injected 
Inconel  625  alloy  samples  and  in  WC  and  TiC  injected  Ti-6Al-^V  alloy 
samples.  Regardless  of  the  starting  materialsi  the  carbide  particles 
were  discributed  uniformly  throughout  Che  cross-section.  It  was 


Figure  2.  SEM  micrograph  shoving  the  cross-sectional  macros true ture  of 
Inconel  625  injected  with  WC  particles. 


difficult  to  drive  the  low  density  TiC  particles  into  the  higher 
density  inconel  melt  pool  and  form  layers  of  uniform,  thickness. 
Precise  processing  conditions  were  necessary  to  achieve  the  desired 
results.  For  the  Ti  alloy,  TiC  injection  appeared  to  be  more  suitable, 
because  WC  injection  caused  gas  porosity  near  the  melt  interface.  The 
porosity  appeared  to  have  resulted  from  reactions  between  the  carbide 
and  metal  which  produced  a  gaseous  phase . 

Ideally,  particle  injected  surfaces  should  consist  of  the  hard 
particles  surrounded  by  a  metal  matrix  having  the  same  chemistry  and 
microscructure  as  the  base  metal.  A  structure  close  to  this  ideal  was 
obtained  in  aluminum  alloys  (11).  In  high  melting  point  alloys  such  as 
thdse  based  on  Fe,  Ni  and  Ti,  partial  dissolution  of  the  carbide 
particles  into  the  melt  occured.  As  a  result,  a  series  of 
resolidification  products  formed  from  the  carbide  enriched  melt.  In 
addition,  the  rapid  quenching  of  the  melt  caused  additional  structural 
changes.  Ayers  (12)  identified  several  solidification  reactions  when 
studying  particle  injection  of  tool  steels,  stainless  steels, 
superalloys,  and  titanium,  copper,  and  aluminum  alloys.  Fine  grain 
structures,  supersaturated  solid  solutions,  phase  transformation 
products,  precipitates  and  dispersoids  were  some  of  the  microstructural 
constituents  identified  in  the  various  alloys. 

A  close-up  view  of  the  injected  layer/substrate  interface 
infigure  2  is  given  in  the  optical  micrograph  of  figure  3.  The 
equiaxed  grain  structure  of  the  annealed  Inconel  625  was  unaffected 
outside  the  melt  zone.  Note  the  absence  of  any  structural 
discontinuity  at  the  melt  interface  due  to  a  reaction  product  such  as 
an  intermetallic  phase.  Reaction  products  at  the  melt  interface,  when 
brittle,  are  known  to  render  surface  coatings  unsv:i table  bv  making  them 
prone  to  spalling  and  delamination.  In  between  the  WC  particles,  the 
melt  solidified  dendritically .  The  dendritic  structure  is  fine-scaled, 
with  a  spacing  of  about  3  to  5  microns,  demonstrating  fairly  rapid 
solidification  rates  as  expected  of  self  quenching  processes. 

It  is  in  a  sence  fortuitous  that  the  solidification  rates  at  the 
laser  melted  interface  are  rapid  for  this  allows  minimal  time  for 
interaction  between  the  carbide  and  the  melt,  and  lessens  the 
probability  of  compositional  changes  in  the  matrix.  The  matrix 
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Figure  3.  Opcical  micrograph  showing  the  microstrucCural  transition  at 
the  injected  layer/substrate  interface  in  a  WC  injected  Inconel  625 
alloy  sample. 

maintains  its  identity  with  the  underlying  substrate,  both  in  chemistry 
and  phase  constituents.  In  the  upper  regions  of  the  melt,  the 
temperatures  are  high  and  the  times  at  temperature  are  long,  both  of 
which  promote  more  carbide  dissolution  and,  with  it,  a  significant 
deviation  from  the  original  composition  and  microstructure. 

A  variety  of  microstructures  were  observed  in  particle  injected 
Inconel  625  and  Ti-6A1-4V  alloy  samples,  examples  of  which  are  given  in 
figures  4-7.  The  microstructures  were  classified  as  those  with  solute- 
rich  phases  such  as  eutectics  and  chose  with  resolidified  carbides. 
When  Che  degree*  of  dissolution  was  modest.  eutectic  structures 
predominated  in  the  matrix,  and  when  the  degree  of  dissolution  was 
high,  resolidified  carbides  predominated.  While  the  solute-rich 
product  phases  occured  throughout  the  injected  layer,  resolidified 
carbides  occured  mostly  in  the  upper  portions  of  the  injected  melt 
where  the  dissolution  kinetics  were  rapid  due  to  higher  levels  of 

superheating.  Depending  upon  the  base  alloy  and  the  type  of 
carbide,  the  dissolution  products  assumed  different  morphologies  anc 
compositions.  As  shown  in  the  SEH  micrograph  of  figure  4(a),  the 

eutectic  phases  in  WC  injected  Inconel  625  appear  as  fine-scale 
lamellae  surrounding  the  carbide  particles  and  .is  irregular,  script - 
type  in  other  regions  of  the  matrix.  The  WC  surface  is  slightly 
perturbed  and  shows  a  reaction  layer  which  formed  during  the 
resolidification  process.  The  eutectic  phase  in  TiC  injected  Inconel 

625  is  mostly  lamellar  and  needle-like  as  shown  in  figure  5(a). 
Although  lightly  alloyed,  the  TiC  surface  appears  smooth  with  no 
perturbations  indicating  a  very  low  level  of  regrowch  during 
solidification  of  the  molten  matrix,  and  hence  a  limited  degree  of 

particle  dissolution.  ' 


''  -?''j 


m  '  :  ..rft^:^.- 


rig’-!  re  Sr.M  micrographs  showing  d;ssoluri'' 

injected  inconel  62^  sample,  (a)  Lamellar  and  Sv' 
ib)  Lquiaxed  resolidified  carbide  dendr  i  ‘  ■"•  <- 

The  matrix  assumes  quire  a  different  .appear 
greater  degree  of  c.arbide  dissolution  .'.s  shovn 
of  figure  ^(b).  the  resolidified  carbides  in  '"C 
appear  as  "  f  ree  -  f  loa  t  ine"  eqiiiaxed  dendrites.  T': 
are  heavily  alloyed,  their  metallic  constituents 
and  have  a  composition  si.milar  to  that  of  the  s’-. 
Car.j-Ue  pai^»cies.  .i.e  ...ro’^Lh  nuc— .o..  #^..*‘Se 
arobablv  originated  from  the  oartiall-'  dissolved  i 


Figure  7  .  SEM  micrograph  showing  granular  incer-cellular  solure-ri-'n 
euceccic  phase  in  a  WC  injected  Ti-6Al-^V  sample. 

phases.  This  martensitic  structure  is  similar  to  that  in  the  re.^r 

affected  zone,  except  chat  it  is  on  a  finer  scale.  The  TiC  partic'.<::S 

show  few  perturbations,  but  are  somewhat  rounded  from  modest 
dissolution.  On  the  ocher  hand,  the  WC  particles  appear  severely 

rounded  and  show  a  highly  alloyed  and  structurally  complex  reaction 
layer  on  the  surface  thus  demonstrating  a  substantial  level  of 
dissolution.  In  TiC  injected  Ti-6Al-4V,  the  resolidified  carbides 

appear  as  a  network  of  dendrites  as  shown  in  the  SEM  micrograph  of 
figure  6(b).  A  similarity  with  the  dendritic  morphology  in  figure  ;'b^ 
is  apparent  and  a  resolidif icacion  mechanism  similar  to  that  in  the  TiC 
injected  Inconel  625  is  possible.  Resolidified  carbides  were  not 
observed  as  separate  "free-floating"  products  in  the  matrix  o:  the  '".'C 
injected  sample  even  though  the  injected  carbide  morpholog;.-  tigur.’ 
demonstrates  that  a  high  degree  of  dissolution  had  occured. 

Resolidified  carbides  are  the  first  so  i  idi  f ;  ca  r  ;  on  p  r.  k'.i;c  t  a  . 
either  nucleating  on  the  injected  carbide  surface  or  indepen.denc  1  v  in 
the  carbide  enriched  liquid.  These  initial  solidification  reactions 
were  identified  by  an  examination  of  the  microstr-.;cturos  which  ro’.-eaied 
that  the  resolidified  carbides  had  no  orioTitatiot'.  i t  ionsn:  p  .  i :  h.  '  .-.v 
metal  matrix.  The  next  solidification  reaction  proc.uces  the  oulk  '■  t 
the  metal  matrix.  In  Inconel  625.  the  metal  .matrix  i  .s  nr-  '.o:r ;  n.r  :  ' 
me Kc  1  -  r  i c I .  Cc I :U L  i  L tp or  c t:  i.  j  s  ,  vci i  i. c*  i :i  I  i  -  *).•.  i  ^  » v.  ^  ^  . 

matrix  structure  is  the  precurser  to  the  martensitic  cells,  kolute  is 
rejected  as  this  metallic  phase  grows  and  leads  to  the  formation  or  :..“e 
final  solidification  products,  solute-rich  eutectic  phases  that  form  in 
the  inter-dendritic  and  inter-cellular  regions  of  “he  ir^itrix 

It  should  be  noted  that  the  micrographs  of  figures  -  to  '  are  jI 
samples  that  were  injected  with  a  nearly  constant  volume  r i  ,u  iicn  ■: 
the  carbide  phase,  about  0.5  This  selection  a..;  made  inat 
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effect  of  carbide  volume  fraction  on  the  dissolution  kinetics  could  be 
neglected.  Other  factors  do  however  affect  the  dissolution  kinetics. 
From  the  microstructural  evidence  presented  in  figures  4  to  7,  it  is 
clear  that  WC  dissolves  to  a  greater  extent  chan  TiC.  This  is  because 
UC  is  less  stable  thermodynamically  than  TiC.  At  1500  *^0,  the  free 
energy  of  formation  of  WC  is  -8.4  kcal  mole*^  and  chat  of  TiC  is  -39.5 
kcal  mole"^.  Particle  size  and  carbide  volume  fraction  also  play  an 
important  role  in  the  dissolution  kinetics.  Finer  carbide  particles 
dissolve  to  a  greater  extent  than  coarser  ones  because  they  offer  a 
greater  surface  area  to  volume  ratio.  Increasing  the  carbide  volume 
fraction  in  the  injected  melt  increases  the  dissolution  race  because 
there  is  more  net  carbide  surface  area,  the  melt  is  at  a  higher 
temperature  and  the  diffusional  distances  are  effectively  reduced. 
Thus  a  greater  degree  of  microstructural  modification  ensues  with  the 
finer  variety  of  carbides  and  with  increasing  carbide  volume  fraction. 

The  presence  of  solute  enriched  resolidification  products  Implies 
that  Che  metal  matrix  is  depleted  of  essential  alloying  elements.  For 
example,  the  resolidified  carbides  in  Inconel  625  were  found  to  be  rich 
in  chromium.  Excessive  partitioning  of  Cr  from  the  Inconel  625  matrix 
may  adversely  affect  its  resistance  Co  corrosion.  It  is  therefore 
imperative  chat  carbide  dissolution  be  kept  to  a  minimum.  This  can  be 
achieved  by  lowering  the  carbide  volume  fraction  or  by  usi.ig  coarser 
particlesizes .  These  solutions  are  constrained  by  the  requirements  for 
achieving  high  hardness  and  improved  wear  resistance,  requirements  for 
which  a  large  quantity  of  carbides  are  essential. 

Hardening  of  Particle  Injected  Surfaces. 

In  Inconel  625  alloy  samples  injected  with  50  volume  %  o: 
carbides,  the  surface  hardness  was  increased  from  <20  HRC  to  about  50 
HRC  regardless  of  the  type  and  size  of  the  carbide  particles  (9).  The 
hard  carbide  particles  present  in  the  injected  layer  act  as  obstacles 
to  plastic  flow  during  deformation  by  a  hardness  indentor.  The  optica, 
micrograph  shown  in  figure  8  shows  the  deformation  produced  in  a  wC 
injected  Inconel  625  alloy  sample  by  a  superficial  hardness  indentor. 
Metal  matrix  plastic  flow  iruiibition  by  the  carbide  particles  is 
evident  in  the  micrograph.  In  fact,  the  plastic  strain  has  produced 
deformation  bands  in  the  carbide  phase.  Some  cracking  of  the  carbide 
particles  by  the  indentor  occurred,  but  separation  of  the  carbide 
particle  from  the  metal  matrix  under  the  strain  was  minimal.  The 
partially  dissolved  carbide  surface  ensured  a  strong  metallurgical  bond 
between  the  carbide  particles  and  the  metal  mafix 

Plastic  flow  inhibition  is  the  major  mode  of  hardening  in 
particle  injected  surfaces.  Other  factors  also  play  a  role.  For 
example,  in  Ti-6Al-4V,  transformation  hardening  by  the  martensitic 
reaction  also  contributed  to  the  increased  surface  hardness.  In  this 
alloy  Che  superficial  hardness  was  increased  from  33  HRC  to  as  high  as 
64  HRC  when  injected  with  TiC  (9).  The  hardness  increase  was  linear  in 
the  carbide  volume  fraction  range  of  0.1  to, 0.6.  Even  with  only  small 
fractions  of  the  carbides,  the  hardness  was  already  up  to  48  HRC 


Figure  8 .  Optical  iricrograph  showing  deformation  produced  by  the 
superficial  hardness  indentor  on  a  polished  WC  injected  Inconel  625 
alloy  sample  surface. 

evidently  due  to  the  presence  of  the  martensitic  phase. 

Besides  altering  the  microstructure  and  chemistry  of  the  metal 
matrix,  carbide  dissolution  also  affects  the  matrix  microhardness.  As 
products  of  the  dissolution  process,  the  solute-rich  eutectic  phases 
and  the  resolidified  carbides  harden  the  metil  matrix  bv  dispersion 
hardening  mechanisms.  Some  of  the  eutectics  in  the  iniected  Inconel 
525  alloy  samples  were  identified  as  complex  m.ul  t  i  ■  comoonent  carbides 
^ .  Depending  upon  the  type  of  the  resol  idi  f  ica  t  ion  product, 

microhardening  occurred  to  various  extents. 


Figures  9  and  10  show  the  microhardness  variations  in  the 
injected  layer  matrix  as  a  function  of  depth  in  the  injected  surface. 
Figure  9  shows  the  influence  of  tvpo  and  si:;^-  or.  the  matrix 

microhardness  relative  to  that  of  the  su'nstr.'ite  in.  n.Trt'.t;--  -.r'ect. 

•  ntor.e.  623  ai*oy  samples  in  ;  ca,'..".  tii-'  mic  rotrircne-ss  .inpe.'.rs  ; 
increase  with  decreasing  dt.’ptn  In.ii.  incre.ise  is.  di.:e  Zd  tn*- 

p  r  o  r  re  s  s  i  ve  1  V  i  nc  r  e.3  r  i  nr  f  r  ,i-  - :  :  ^  i  n  ■ ;  d  d  ,n  ■  i  ■  ■  ■  •  :  ■  '  '  ■ 

outtorn  to  Che  top  portions  o:  t:,.  inTectic  laver  in.  lower 

portions  of  the  injected  lav-r.  r-.ardeniT.g  o;  the  mat;  on 
m._c*oscopic  scale  results  onlv  z  ro.t  t:ie  eutectic  pn.ases  .hr’  ’.rnortar.t 

clit'Ci.  evident  from  figure  9  is  that  o;  the  hardness  increase  due  to 

the  injected  cartide  type,  .''.atrix  hardening  from  WC  injection  is  mucn 
greater  than  with  TiC  injection.  This  distinction  is  easilv  seen  in 
the  lower  third  of  the  injected  laver  which  is  dominated  bv  eutectics 
The  eutectic  phase  in  the  TiC  injected  sample  ha'd  little  influence  on 
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RELATIVE  MICROHARDNESS 


Fieure  9.  Matrix  microhardri,>ss  relative  to  the  substrate  as  a 
function  of  injected  layer  thickness  in  particle  injected  Inconel  625 
The  microhardness  of  the  substrate  was  about  300  HV. 


MICtiOHARONESS.  VH^ 

Figure  10,  Microhardness  as  a  function  of  (distance  below  the  suitace 
of  carbide  injected  Ti-6Al-aV. 

hardening,  probably  because  of  its  coarse  spacing  and  needle -like 
appearance.  In  the  WC  injected  sample  the  eutectic  phases  had  a 
greater  influence  on  hardening,  produced  probably  because  of  their  fine 
spacing  and  spheroidal  morphology.  The  increase  in  microhardness 
because  of  Che  presence  of  the  resolidified  carbides  was  the  same, 
about  50%,  for  both  types  of  injected  carbidps.  .-Xi  other  effect  is  that 
of  the  injected  carbide  size.  Regardless  of  carbide  type,  finer 
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particles  dissolved  to  a  greater  extent,  thus  hardening  the  matrix  to  a 
greater  degree. 

The  influence  of  carbide  type  on  the  hardening  in  the  Ti-6Al-4V 
alloy  matrix  is  opposite  to  that  in  the  Inconel  625  alloy  matrix.  In 
figure  10,  the  microhardness  is  plotted  as  a  function  of  depth  below 
the  surface  for  the  two  types  of  carbides.  As  shown  in  figure  10,  with 
reducing  depth,  the  matrix  microhardness  increases  very  rapidly  in  the 
TiC  injected  sample,  but  only -modestly  in  the  WC  injected  sample.  In 
most  of  the  VJC  injected  sample  and  in  the  lower  portion  of  the  TiC 
injected  sample,  the  microhardness  increase  over  that  of  the  heat 
affected  zone  is  from  the  presence  of  the  finer  martensitic  cells  and 
the  inter-cellular  eutectic  phases.  In  the  mid  and  upper  portions  of 
the  Tic  injected  layer  increasing  fractions  of  resolidified  carbides 
contributed  to  the  rapid  increase  in  microhardness.  Although  the 
microstructures  show  that  WC  dissolved  to  a  greater  degree  than  TiC, 
the  dissolution  products  in  the  WC  injected  sample  do  not  appear  to 
increase  the  microhardness  significantly. 

Frictional  Wear  Characteristics  of  Injected  Lavers. 

Hardening  by  particle  injection  improves  the  frictional  wear 
behavior  of  particle  injected  surfaces.  The  kinetic  coefficient  of 
friction  between  the  polished  Inconel  625  alloy  sample  surface  and  a 
hard  steel  ball  was  reduced  from  0.55  to  between  0.15  and  0.2  after  one 
slide  (10).  After  15  passes  in  the  same  track,  the  coefficient  of 
friction  for  the  untreated  sample  increased  to  0.72  and  chat  for  Che 
created  samples  increased  Co  between  0.33  and  0.44  depending  upon  the 
type  and  size  of  the  carbide  particles.  For  Che  untreated  sample  the 
scar  width  was  300  microns  and  for  the  created  samples  the  scar  width 
varied  from  80  to  150  microns.  Figure  11  shows  the  wear  scar 
appearance  after  15  slides  on  a  WC  injected  Inconel  625  alloy  sample 
surface.  Damage  to  che  injected  surface  appears  to  be  very  slight. 
This  is  because  in  particle  injected  surfaces,  che  slider  tends  to 
mostly  ride  over  che  carbide  particles,  che  carbides  acting  to  protect 
che  metal  matrix  from  contact  with  che  slider.  A  similar  observation 
was  made  by  Ayers  ec  al  (14)  during  their  frictional  wear  studies  on 
TiC  injected  Ti-6Al-4V  alloy  samples.  The  steel  slider  has  a  very  low 
coefficient  of  friction  against  the  carbide  particles.  Both  the  lower 
coefficient  of  friction  and  the  smaller  scar  width  demonstrate  the 
improvement  in  sliding  wear  resistance  brought  about  by  particle 
injection. 

The  increase  in  the  coefficient  of  friction  with  the  number  of 
slides -was  due  to  the  formation  of  wear  debris.  The  wear  debris  in  che 
WC  injected  szusple  is  shown  in  figure  12  and  was  composed  mostly  of 
slider  material.  Electron  microprobe  analysis  revealed  che  debris  to 
be  mostly  Fe,  che  major  component  of  the  steel  slider  (10).  In 
addition,  abrasive  wear  of  che  metal  matrix  was  mild  due  to  its  high 
microhardness  (about  620  HV) .  Thus  most  of  che  wear  occured  in  the 
steel  slider.  The  wear  debris  in  che  TiC  injected  sample  is  shown  in 
figure  13  and  was  composed  mainly  of  the  metal  matrix  material. 
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Figure  II.  Optical  micrograph 
_  &  showing  the.  wear  scar  formed 
T^^t^by  a  steel  slider  on 
polished  VC  injected  Inconel 
623  alloy  surface. 
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Figure  12.  Optical  micrograph  Figure  13.  SEM  micrograph 
showing  detail  of  the  wear  showing  the  wear  scar  and 

scar  and  the  wear  debris  in  WC  the  wear  debris  in  TiC 

injected  Inconel  625.  injected  Inconel  625. 


Electron  microprobe  analysis  identified  Ni,  Cr  and  other  al loving 
elements  of  Inconel  625  in  the  debris  (10).  Also  present  was  a  small 
quantity  of  Fe.  Hence,  in  this  case,  the  debris  was  a  mi.xture  o: 

matrix  and  slider  materials.  Most  of  the  abrasive  wear  occured  in  the 
metal  matrix  due  to  its  low  microhardness  (about  dOO  HV'i  .  .-.Ithough 
resolidified  carbides  increased  the  microhardness  to  about  5i'0  HV ,  it 
did  not  diminish  frictional  wear.  Since  the  matri:';  unde  r 
resolidified  carbides  was  soft,  the  slider  pushed  aside.  the 
resolidified  carbides  as  it  ploughed  through  the  metal  matrix  i 

appears  that  in  Inconel  625  alloy  samples,  particle  injection  with  -c 
not  only  reduced  the  coefficient  of  friction  but  also  -he  ..brasi  -e  wear 
of  the  metal  matrix.  It  is  beneficial  to  harden  the  int  e  r  -  p.i  r  t  i  c  . 

metal  matrix  since  it  improves  abrasive  wear,  but  this  shoulti  not  oe 

achieved  at  the  expense  of  matrix  embrittlement. 
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SUMMARY 


Laser  oelt/particle  injected  surfaces  are  metal  matrlx/metal 
carbide  composites  which  are  hardened  by  the  carbide  phase  and  in 
which  the  matrix  phase  serves  to  maintain  some  of  the  original 
substrate  properties.  The  hardening  is  due  to  the  inhibition  of 
plastic  flow  by  the  injected  species  and  by  finer  carbide  constituents 
which  form  during  solidification.  Near  the  injected  layer/substrate 
interface,  the  matrix  is  structurally  continuous  with  and  chemically 
similar  to  the  base  metal  so  that  a  strong  metallurgical  bond  is 
maintained. 

Partial  dissolution  of  the  carbide  particles  into  the  melt 
produces  a  variety  of  microstructures  whose  form  depend  upon  both  the 
starting  materials  and  the  processing  conditions.  When  the 

dissolution  rates  are  low.  only  solute-rich,  eutectic  structures  are 
observed  in  the  matrix,  while  when  the  dissolution  rates  are  high, 
resolidified  carbides  form  as  additional  products.  These 

microstructural  changes  are  usually  accompanied  by  undesirable 
compositional  changes  in  the  metal  matrix.  Depending  upon  their 
nature,  the  dissolution  products  also  harden  the  metal  matrix  to 
various  degrees.  This  microhardening  is  desirable  because  it  reduces 
the  coefficient  of  friction  and  lessens  abrasive  wear.  The  improved 
wear  resistance  is  due  to  the  low  friction  between  the  carbides  and 
most  metals  and  due  to  the  shielding  of  the  metal  matrix  from  the 
slider  by  the  carbides. 
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Abstract 


Investigations  into  crack  formation  in  particle  injected 
surfaces  and  into  microstructural  evolution  during  cladding  were 
some  of  the  recent  developments  in  laser  melt/particle  injection 
processing.  Both  surface  modification  techniques  involved  blowing 
powder  particles  into  a  melt  pool  formed  by  a  laser  beam.  With 
metal  carbide  particles,  composite  surface  layers  were  formed  and 
the  theirmal  stresses  that  developed  during  cooling  of  the  injected 
layer  resulted  in  the  formation  of  microcracks.  It  was  found  that 
modest  levels  of  preheating  were  sufficient  to  prevent  cracking  and 
that  cracking  was  eliminated  mainly  by  the  reduction  in  thermal 
stresses  and  not  by  changes  in  microstructure.  With  low-melting 
alloy  powders,  clad  overlays  were  formed.  It  was  found  that  the 
limited  mixing  between  the  clad  material  and  the  substrate  resulted 
in  complex  microstructures  containing  fluid-flow  driven  segregation 
bands.  The  degree  of  microstructural  inhomogeneity  depended  upon 
the  type  of  substrate  material,  and  had  a  direct  influence  on  the 
soundness  of  the  cladding. 


Introduction 


One  of  the  most  common  techniques  of  laser  surface 
modification  is  the  pneumatic  feeding  of  powder  particles  into 
laser  melt  pools.  If  the  powder  particles  are  binderless  metal 
carbides  which  are  not  melted  by  the  laser  beam,  particle  injected 
composite  surface  layers  are  formed*^'^.  These  layers  consist  of 
discrete  particles  surrounded  by  a  metal  matrix  which  is 
structurally  continuous  and  chemically  similar  to  the  substrate. 
Particle  injected  layers  are  hard  and  wear  resistant^’*.  If  the 
powder  is  a  hardfacing  alloy  that  is  easily  melted  by  the  laser 
beam,  then  its  fusion  with  the  substrate  produces  a  clad  layer^. 
Such  a  surface  layer  can  also  be  hard  and  wear  resistant. 

Whether  produced  by  heat  treatment  or  by  cladding,  laser 
modified  surfaces  are  subject  to  thermally  induced  residual 
stresses.  When  the  modified  surface  is  not  able  to  withstand  the 
thermal  stress,  it  can  crack.  This  is  especially  true  of  hardened 
surfaces  which  are  usually  brittle.  The  nature  and  magnitude  of 
the  thermal  stresses  and  related  cracking  phenomena  will  be 
different  for  different  laser  surface  modification  techniques,  and 
the  understanding  of  these  problems  in  laser  processing  is  critical 
to  the  production  of  sound  overlays  that  are  not  susceptible  to 
delamination  or  spalling.  In  an  earlier  study^,  the  influence  of 
processing  and  material  parameters  on  the  cracking  tendency  of 
particle  injected  composite  surfaces  was  discussed.  In  that  study 
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WC  and  Tic  particles  of  various  size  distributions  were  injected 
at  different  powder  feed  rates  into  laser-  melt  pools  of  various 
dimensions  that  were  fozaned  on  Inconel  625  alloy  samples.  Several 
observations  were  made  from  that  investigation.  For  example,  the 
crack  density  was  reduced  as  the  melt  width  was  increased.  In 
layers  made  with  the  medium  and  coarse  WC,  the  crack  density 
reduced  with  increasing  powder  feed  rate.  But  with  the  fine  WC  and 
the  medium-sized  TiC,  at  low  to  moderate  powder  feed  rates  an 
increased  cracking  tendency  was  found.  The  degree  of  cracking  in 
particle  injected  layers  depended  upon  a  balance  between  forces 
that  promoted  matrix  embrittlement,  such  as  excessive  carbide 
dissolution,  and  forces  that  reduced  the  tensile  residual  stresses 
such  as  slower  solidification  and  cooling  rates.  Cracks  can  be 
prevented  by  careful  control  of  the  processing  conditions  such  as 
laser  energy  density^,  by  composite  cladding  (forming  an 
intermediate  clad  layer)®  or  by  careful  control  of  the 
microchemistry  and  microstructure  of  the  modified  surface.  Details 
of  these  crack  prevention  techniques  are  not  readily  available 
because  of  the  proprietary  nature  of  the  solutions.  The  most 
common  method  of  crack  prevention  is  by  preheating.  In  this 
investigation,  the  role  of  preheating  on  cracking  in  particle 
injected  layers  was  determined. 

Laser  cladding  is  a  widely  accepted  surface  modification 
technique  for  selected  area  laser  processing.  By  this  means,  wear 
resistant®,  corrosion  resistant^®  and  high  temperature  oxidation 
resistant^^  coatings  have  been  deposited  on  a  variety  of  substrates. 
Ideal  laser  cladding  conditions  require  that  there  be  a  minimum  of 
dilution  (<  5%)  with  the  substrate.  Excessive  dilution  can  result 
in  the  loss  of  clad  material  properties^*.  Most  of  the 
developmental  work  has  been  aimed  at  determining  conditions  that 
result  in  minimum  dilution  and  maximum  metallurgical  bonding®.  But 
questions  remain  as  to  the  nature  of  the  clad  layer,  its 
microstructure  and  properties  when  some  amount  of  mixing  between 
the  pneumatically  delivered  powder  and  the  molten  substrate  does 
occur.  In  this  paper,  these  aspects  of  cladding  and  their 
implications  will  be  discussed  for  a  couple  of  different  alloy 
substrates . 


Experimental  Procedures 
Laser  Melt/Particle  Injection  Processing 

Laser  melt/particle  injection  processing  involves  simultaneous 
laser  melting  and  powder  feeding  of  a  metal  surface.  A  high  power 
CW  COj  laser  was  used  to  melt  short  arcs  on  1  to  1.5  cm  thick 
samples.  Different  melt  widths  were  obtained  by  oscillating  the 
laser  beam  with  different  amplitudes.  The  laser  beam  oscillation 
frequency  was  rapid  enough  to  generate  a  line  energy  source. 
Powder  particles  were  propelled  into  the  laser  melt  pool  by  helium 
carrier  gas  via  a  copper  nozzle  positioned  nearby.  To  inject  into 
a  wider  melt  area,  an  injection  nozzle  with  a  slotted  opening  that 
formed  a  rectangular  spray  was  used.  Details  of  the  process  have 
been  given  elsewhere”  ”. 


Preheating  Experiments 

Preheat  studies  were  done  on  Inconel  625  alloy  samples  that 
were  injected  with  WC  particles  having  a  size  distribution  of  45- 
75  nm.  A  sketch  of  the  preheating  experimental  set-up  appears  in 
figure  1.  The  sample  was  placed  on  a  stage  which  was  attached  to 
a  rotating  table.  A  few  layers  of  zirconia  paper  insulated  the 
sample  from  the  stage.  Through  a  hole  on  the  side  of  the  sample, 
a  Type  K  thermocouple  read  the  temperature  of  the  substrate.  A 
resistance  heater  suspended  above  the  sample  heated  it  by  radiative 
and  convective  means.  By  controlling  the  power  to  the  heater  using 
a  variac,  the  preheat  temperature  was  controlled.  The  entire 
assembly  was  placed  in  a  vacuum  chamber  which  was  backfilled  with 
argon.  After  the  sample  reached  the  desired  temperature,  it  was 
soaked  for  a  few  minutes  and  then  translated  at  a  predetermined 
rate.  Just  before  the  sample  passed  below  the  laser  beam,  the 
automatic  control  sequence  was  initiated.  A  few  seconds  after  the 
powder  feeder  started  the  laser  beam  was  enabled.  The  interaction 
of  the  laser  beam  and  the  particle  spray  with  the  substrate  formed 
the  injected  layer.  For  a  particular  melt  width,  the  “beam  on" 
duration  was  kept  constant  so  that  the  particle  injected  surface 
area  was  the  same  from  sample  to  sample.  The  crack  density  of  the 
injected  layer  was  measured  as  the  total  crack  length  in  both  the 
longitudinal  and  transverse  directions  averaged  over  the  injected 
layer  surface  area.  The  cracks  were  revealed  under  UV  light  after 
the  samples  were  treated  in  a  dye  penetrant  bath.  These  studies 
were  done  on  1  and  2  cm  wide  melt  passes,  the  processing  conditions 
for  which  are  given  in  table  I.  The  powder  feed  rate,  carrier  gas 
pressure,  nozzle  distance  and  sample  speed  were  adjusted  to  give 
the  same  carbide  volume  percent  and  thickness  of  the  injected 
layer. 

Table  I  Processing  Conditions  for  Laser  Melt/Particle  Injection. 


Preheat 

Cladding 

Studies 

Studies 

Melt  Width,  cm 

Substrate 

Alloy 

1 

2 

In  625 

Ti-6-4 

Laser  Power,  kW 

10 

10 

8-10 

4-8 

Beam  Dia.  or  Width,  cm 

0.2 

0.2 

0.7-1. 6 

0.4 

Powder  Feed  Rate,  cm’  s"’ 

0.5 

0.45 

. 15-.225 

0.15-0.5 

Carrier  Gas  Pressure,  kPa 

110 

124 

70-85 

70 

Nozzle  Distance,  cm 

1.25 

1.10 

2.2 

1.9 

Sample  Speed,  cm  s*’ 

0.75 

0.3 

.35-. 75 

1.0-1. 5 

Cladding  Experiments 

Inconel  625  and  Ti-6A1-4V  alloy  sample  coupons  were  laser  clad 
with  Tribaloy  (T-400) ,  a  Co-based  hardfacing  alloy.  The  clad  alloy 
powder  had  a  mesh  size  of  75  pm.  The  powder  particles  were  fed 
directly  into  a  very  shallow  melt  pool  formed  on  the  substrate  by 
the  laser  beam.  Typical  processing  conditions  for  the  two 
substrate  alloys  are  given  in  table  ,1.  The  goal  of  these 


experiment?  was  tQ,  examine  the  complex  path  of  microstructural 
evolution  in  each  alloy.  ,  Processing  conditions  were  selected  to 
produce  claddings  that  were  smooth,  uniformly  shaped  and  fully 
dense. 

Characterization  of  the  Laser  Modified  Surface 

After  carefully  sectioning  selected  samples,  metal lographic 
specimens  were  prepared  for  microstructural  evaluation.  The 
carbide  injected  samples  were  etched  with  a  peroxide  etch  which 
revealed  the  inter-particle  matrix  microstructure  and  the  laser 
clad  samples  were  etched  with  Marble's  etch  which  revealed  the 
microstructure  of  the  Tribaloy  phase.  A  Nikon  Epiphot  optical 
microscope  was  used  to  examine  the  macrostructure  of  the  modified 
surface  and  to  determine  the  nature  and  extent  of  the 
macrosegregation.  High  magnification  microstructural  and 
analytical  studies  were  done  with  a  Hitachi  Model  S-800  Field 
Emission  Scanning  Electron  Microscope  and  associated  Princeton 
Gamma-Tech  Microanalysis  system.  The  SEM  was  used  in  both  the 
secondary  electron  Imaging  mode  for  high  resolution  microscopy  and 
the  back-scattered  electron  imaging  mode  for  atomic  number  contrast 
studies.  Microanalysis  involved  selected  area  diffraction  and  x- 
ray  mapping.  Furthermore,  the  metallography  samples  were  evaluated 
for  microhardness  variations  in  the  modified  surface  using  a 
Buehler  Micromet  II  Digital  Microhardness  Tester.  Microhardness 
readings  were  taken  using  a  Vickers  indentor  and  a  lOO  g  load. 

Results 


Preheating  Study 

In  figure  2,  the  crack  density  as  a  function  of  preheat 
temperature  is  plotted.  Although  there  is  some  scatter  in  the 
data,  a  general  reducing  trend  in  the  crack  density  with  preheat 
temperature  is  observed.  While  cracks  in  the  1  cm  wide  injected 
layers  were  eliminated  at  preheat  temperatures  of  about  300  “C  and 
above,  higher  preheat  temperatures  of  about  450  °C  and  above  were 
necessary  to  eliminate  cracks  in  the  2  cm  wide  injected  layers. 
Figure  3  shows  the  appearance  of  the  injected  layers  under  UV 
light.  Without  preheat,  a  transverse  and  a  longitudinal  crack, 
making  up  a  crack  density  of  1  cm  cm'\  formed  in  the  narrower 
injected  layer  as  shown  in  figure  3(a).  With  a  preheat  of  288  "C, 
a  crack-free  injected  layer  was  formed  as  shown  in  figure  3(b). 
In  the  wider  injected  layer,  without  preheat  a  single  longitudinal 
crack  giving  a  crack  density  of  0.8  cm  cm'^  formed  as  shown  in 
figure  3(c).  A  crack-free  injected  layer  was  formed  only  with  a 
preheat  of  446  “C  as  shown  in  figure  3 (d) .  The  inter-particle 
matrix  microhardness  as  a  function  of  distance  from  the  injected 
layer  surface  is  plotted  in  figure  4.  Data  points  within  the 
injected  layer  region  which  is  to  the  left  of  the  arrows  show  a 
large  amount  of  scatter,  with  the  matrix  microhardness  varying  from 
450  to  600  HV.  As  the  transition  from  the  injected  lay?r  to  the 
substrate  is  made,  the  microhardness  drops  to  about  250  HV  in  the 
Inconel  625  alloy  substrate. 
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1.  Schematic  diagram  of  pre-  2-  Crack  density  as  a  function 

heating  experimental  set-up.  of  preheat  temperature.  | 


(c)  (d) 


3.  UV  light  photographs  of  injected  layets  showing  the  effect  of 
preheating  on  cracking,  a)  No  preheat,  1  cm  wide,  b)  No  preheat, 
2  cm  wide,  e)  288  "C  preheat,  1  cm  wide,  d)  446  ®C  preheat,  2  cm 
wide. 


Macrostructures  of  Tribaloy-400  (T-400)  clad  Inconel  625 
(1625)  and  Ti-6A1-4V  (Ti-6-4)  are  shown  in  the  optical  micrographs 
of  figures  5(a)  and  6(a),  respectively.  The  clad  layers  are  1  cm 
and  0.4  cm  wide,  respectively.  The  etching  contrast  shows  the 
significant  macrosegregation  observed  in  the  clad  layer.  X-ray  dot 
mapping  of  the  clad  surface  showed  that  the  segregation  bands  arc 
rich  in  alloying  elements  originating  from  the  substrate.  The  x- 
ray  map  of  Ni  in  figure  5 <b)  and  that  of.  Ti  in  figure  6(b)  show  the 
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4.  Plot  of  microhardiiess  in  WC  injected  Inconel  625  as  a  function 
of  distance  from  the  surface.  Arrows  indicate  melt-substrate 
boundary . 


(a) 


(b) 


5.  Cross-sections  of  Tribaloy-400  clad  Inconel  625.  a)  Optical 
micrograph  showing  macrosegregation,  b)  SEM  x-ray  map  of  Ni. 


6.  Cross-sections  of  Tribaloy-400  clad  Ti-6Al-4V.  a)  Optical 
micrograph  showing  macrosegregation,  b)  SEM  x-ray  map  of  Ti. 
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8.  SEM  micrographs  of  T-400/Ti“6-4  cladding,  a)  Segregation  bands 
in  cladding,  b)  Detail  of  intermediate  layer  at  interface. 


concentration  of  these  elements  in  regions  corresponding  to  the 
segregation  bands  appearing  in  figures  5(a)  and  6(a) ,  respectively. 
Similar  x-ray  maps  were  obtained  for  the  other  major  alloying 
elements  such  as  chromium  in  1625.  While  the  melt-substrate 
interface  in  the  1625  sample  appears  discontinuous  and  wavy,  that 
in  the  Ti-6-4  sample  -appears  continuous  and  relatively  smooth. 
Amplified  views  of  the  interfaces  appear  in  the  SEM  micrographs  of 
figures  7(a>  and  8(a).  The  uneven  melt  depth  in  the  T-400/I625 


9.  Microhardness  variations  as  10.  Microhardness  variations 

a  function  of  distance  from  as  a  function  of  distance  from 

surface  in  T-400  clad  1625.  surface  in  T-400  clad  Ti-6-4. 

sample  is  clearly  evident  in  figure  7(a)  and  the  cladding 
microstructure  appears  dendritic.  As  shown  in  figure  7(b),  these 
dendrites,  which  are  probably  Laves  phases,  appear  to  be  surrounded 
by  a  fine  eutectic  structure  which  is  typical  of  T-400  alloy.  In 
T-400/Ti-6-4 ,  the  melt-substrate  interface  appears  to  be  fairly 
even  as  shown  in  figure  8(a).  In  addition,  segregation  bands  are 
clearly  evident  in  this  material.  A  closer  look  at  the  interface 
revealed  an  intermediate  layer  between  the  cladding  and  the 
substrate  as  shown  in  figure  8(b).  Microhardness  variations  as  a 
function  of  distance  from  the  cladding  surface  are  plotted  in 
figures  9  and  10  for  T-400/I625  and  T-400/Ti-6-4  claddings, 
respectively.  In  both  cases,  a  wide  variation  in  the  microhardness 
within  the  clad  layer  is  evident.  In  T-400/I625,  the  microhardness 
varied  from  300  to  550  HV  in  the  cladding  and  fell  to  about  250  HV 
in  the  1625  substrate.  In  T-400/Ti-6-4 ,  the  microhardness  varied 
from  700  to  1200  HV  in  the  cladding  and  fell  to  about  350  HV  in  the 
Ti-6-4  substrate.  Additionally,  the  intermediate  phase  at  the  T- 
400/Ti-6-4  interface  had  a  microhardness  of  about  600  to  650  HV 
(marked  by  arrows  in  figure  10) . 

Discussion 


Preheat  studies 

From  the  results  of  the  preheat  experiments  the  following 
observations  are  made.  In  carbide  particle  injected  samples, 
cracking  is  eliminated  by  preheating  the  samples  to  modest 
temperatures.  For  the  wider  injected  layer  sample,  a  higher 
preheat  was  needed  to  prevent  cracking  compared  to  the  narrower 
injected  layer.  Preheating  serves, two  purposes.  It  minimizes  the 
formation  of  solidification  reaction  products  that  may  embrittle 
the  laser  modified  surface  and  make  it  susceptible  to  cracking,  and 
it  lowers  the  solidification  and  cooling  rates  thereby  reducing  the 
thermal  stresses  that  can  initiate  thermal  cracking.  Due  to 
limited  dissolution  of  the  carbide  phase,  the  matrix  in  particle 
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injected  surfaces  showed  a  complex  array  of  microstructures^^. 
These  .consisted  of  resolidified  carbides  that  are  free  floating 
dendrites  and  eutectic  carbides  that  form  within  the  (Ni)-rich 
dendrites  or  in  the  inter-rich  dendritic  regions  of  the  (Ni)-rich 
dendrites.  Lamellar  and  script-type  eutectic  carbides  have  been 
identified  in  WC  injected  Inconel  625  with  examples  given  in  figure 
11.  These  carbides  are  MC,  MjC  and  MgC  type  and  they  tend  to  harden 
the  matrix  to  different  degrees^^  and  embrittle  it.  When  the 
dissolution  rate  is  excessive,  such  as  when  very  fine  carbide 
particles  are  injected  into  the  melt,  matrix  embrittlement  is  acute 
and  cracking  easily  occurs*.  Microstructural  examination  of 
several  samples  revealed  that  the  matrix  microstructures  were 
similar  in  nature  regardless  of  the  injected  layer  width  and 
whether  preheating  treatment  was  given  or  not.  The  lack  of 
microstructural  change  is  not  surprising  since  the  preheat 
temperatures  were  not  high  enough  to  significantly  influence  the 
solidification  reactions.  The  similarity  in  microstructure  between 
the  four  samples  is  confirmed  by  the  similarity  in  the 
microhardness  results.  As  shown  in  figure  4,  the  matrix 
microhardness  shows  no  dependence  on  injected  layer  width  or  on 
preheating.  Only  the  thickness  of  the  injected  layer,  which 
averaged  at  about  0.15  cm,  appears  to  have  been  affected.  As 
indicated  by  arrows,  the  thickness  increased  with  preheating  due 
to  more  efficient  laser-metal  interaction. 

Since  preheating  had  little  influence  on  the  microstructure, 
the  only  other  effect  it  could  have  is  to  reduce  the  thermal 
stresses  by  reducing  the  cooling  rates.  Masubuchi  has  reported 
reductions  in  the  cooling  rates  in  the  melt. pools  of  bead-on-plate 
steel  specimens  as  a  result  of  preheating^®.  In  its  simplest  form, 
the  maximum  residual  tensile  stress  (a,)  in  a  thick  plate  subjected 
to  a  gaussian  temperature  distribution  on  one  face  is  given  by^^, 

2Ea  (Ti  -  To) 


3  +  1^ 

where  T^  is  the  maximum  temperature,  Tq  the  initial  sample 
temperature,  E  is  the  modulus  of  elasticity,  a  is  the  coefficient 
of  thermal  expansion  and  i/  is  the  Poisson's  ratio  of  the  material. 
By  preheating,  Tq  is  increased,  thereby  reducing  the  residual 
tensile  stress  a,. 

To  prevent  crack  formation  in  laser  clad  materials  high 
preheat  temperatures  were  necessary.  A  study  by  Weerasinghe  and 
Steen^®  found  that  a  preheat  of  700  °C  and  above  was  needed  to 
eliminate  cracking  in  a  hard  iron/boron  coating  that  was  clad  on 
mild  steel.  By  comparison,  this  work  has  demonstrated  that  low 
preheat  temperatures  of  300  to  450  ®C  were  enough  to  prevent  cracks 
in  particle  injected  layers.  The  injected  layer  is  a  composite  of 
hard  carbide  particles  in  a  softer  metal  matrix.  As  the  composite 
material  cools,  the  second  phase  particles  impose  a  hydrostatic 
stress  on  the  matrix.  If  the  second  phase  particle  distribution 
is  assumed  to  be  a  close  packed  arrangement  of  spheres,  the 


11.  SEM  micrograph  showing  carbide  dissolution  products  in  the 
matrix  of  WC  injected  Inconel  625. 

hydrostatic  stress  on  the  matrix  (a„)  is  of  the  order  of^®, 
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where  is  the  hydrostatic  stress  on  the  particle  and  f  is  the 
particle  volume  fraction.  The  hydrostatic  stress  is  a  compressive 
stress.  When  superimposed  on  the  tensile  residual  stress  developed 
in  the  cooling  composite,  it  would  tend  to  reduce  this  tensile 
stress.  It  is  because  of  this  reduction  in  the  residual  tensile 
stress  that  modest  preheat  temperatures  were  adequate  in  preventing 
cracking  in  particle  injected  layers.  Another  demonstration  of  the 
presence  of  superimposed  compressive  stresses  is  that  even  when  a 
crack  does  form  in  the  injected  layer,  its  width  is  small.  Figure 
12(a)  shows  a  thermal  crack  in  a  WC  injected  Inconel  625  layer  with 
an  average  crack  width  of  about  5  fim.  By  comparison,  the  thermal 
crack  in  a  laser  clad  layer  made  under  comparable  processing 
conditions  is  wide.  Figure  12(b)  shows  a  thermal  crack  in  a 
Tribaloy-400  clad  Inconel  625  sample  with  an  average  crack  width 
of  about  80  ^m  which  is  considerably  wider  than  that  in  the  WC 
injected  surface. 

Previous  work  on  the  effect  of  melt  width  on  cracking  showed 
that  the  crack  density  decreased  with  increasing  melt  width®.  The 
reduction  in  the  crack  density  was  mainly  a  consequence  of  a 
reduction  in  the  number  of  transverse  cracks.  To  obtain  the  same 
melt  depth  in  melts  of  increasing  width,  the  incident  laser  energy 
density  should  be  constant.  This  was  achieved  by  decreasing  the 
sample  traverse  speed  (v)  while  keeping  the  laser  power  constant®. 
Reducing  v  increased  the  laser/melt  interaction  time  (t). 
Increasing  r  reduced  the  solidification  and  cooling  rates  in  the 
melt  thereby  reducing  the  residual  stresses.  The  elimination  of 
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12.  Nature  of  thermal  cracks,  a)  SEM  micrograph  of  WC  injected 
Inconel  625.  b)  Optical  micrograph  of  T-400  clad  Inconel  625. 


transverse  cracks  in  wider  injected  layers  is  a  consequence  of  this 
reduction  in  the  residual  stress.  Preheating  achieves  the  same 
results  in  narrower  injected  layers.  In  wider  injected  layers, 
while  transverse  cracks  disappeared,  a  centerline  crack  began 
toappear.  The  dominant  residual  stress  component  shifted  from 
being  parallel  to  the  melt  pass  to  being  perpendicular  to  the  melt 
pass.  The  oscillating  laser  beam  used  to  make  wider  melt  passes 
tended  to  dwell  at  the  extremities  of  the  oscillation  cycle, 
leaving  the  sides  of  the  melt  pass  hotter  than  its  center.  As 
these  regions  shrink  upon  cooling,  a  strong  tensile  transverse 
stress  component  developed,  causing  the  longitudinal  or  centerline 
crack.  Because  of  this  unusually  strong  tensile  stress  component, 
much  higher  preheat  temperatures  were  needed  to  eliminate  cracking 
in  wider  injected  layers. 

Cladding  studies 

Laser  processing  conditions  were  determined  to  form  uniformly 
shaped,  fully  dense  Tribaloy-400  claddings  on  Inconel  625  and  on 
Ti-6A1-4V  alloy  substrates,  but  significant  macrosegregation  was 
observed  in  the  clad  layers  as  shown  in  figures  5(a)  and  6(a).  The 
nature  of  the  macrosegregation  indicates  that  it  can  only  be 
brought  about  by  fluid  flow  driven  forces.  A  careful  examination 
of  the  segregation  pattern  in  figure  5(a)  suggests  that  the  fluid 
flow  is  from  the  bottom  of  the  melt  pool  towards  the  center  and 
then  towards  the  top  of  the  melt  pool  moving  away  from  the  center 
in  a  recirculatory  motion.  This  motion  appears  to  have  formed  eddy 
current  loops  on  either  side  of  the  melt.  As  mentioned  earlier, 
the  oscillating  beam,  needed  to  make  wider  melt  passes,  keeps  the 
sides  of  the  melt  pool  hotter  than  the  center.  Such  a  temperature 
distribution  would  promote  the  fluid  flow  pattern  described  above. 
The  structure  in  figure  6(a)  indicates  that  only  a  single 
recirculatory  flow  exists  in  the  narrower  melt  pass.  Although  an 


oscillating  laser  beam  was  used,  its  amplitude  was  so  small  that 
the  temperature  distribution  could  be  considered  nearly  gaussian 
leading  to  the  fluid  flow  pattern  just  described.  in  this 
technique  of  laser  cladding,  both  laser  beam  oscillations  and 
particle  injection  velocity  affect  convection  in  the  melt  pool. 
A  detailed  analysis  of  these  effects  is  beyond  the  scope  of  this 
investigation . 

The  fluid  flow  patterns  described  above  can  only  form  when 
limited  mixing  of  the  injected  molten  driblets  and  the  shallow  melt 
pool  occurs.  Thermally  induced  convection  in  the  melt  pool 
enhances  clad  material-substrate  interaction  leading  to  the 
transport  of  substrate  material  well  into  the  clad  layer.  The 
presence  of  significant  amounts  of  Ni  and  Ti  in  the  segregation 
bands  of  the  cladding  was  demonstrated  in  figures  5(b)  and  6(b). 
From  these  figures,  dilution  was  estimated  at  30%  for  T-400/I625 
and  at  10%  for  T-400/Ti-6-4.  Selected  area  diffraction  estimated 
13-15%  Ni  and  increased  Cr  in  the  T-400/I625  clad  layer  and  15-18% 
Ti  in  the  T-400/Ti-6-4  clad  layer.  The  ease  with  which  the  Co¬ 
based  Tribaloy-400  cladding  was  alloyed  with  Ni  from  the_  Inconel 
625  substrate  is  explained  by  the  fact  that  Co  and  Ni  form  a 
continuous  series  of  solid  solutions  at  all  compositions^".  Besides 
being  alloyed  with  Ti,  the  possibility  of  the  formation  of 
intermetallic  compounds  in  the  T-400/Ti-6-4  cladding  was 
investigated.  The  Co-Ti  phase  diagram^^  shows  a  series  of 
intermetallic  compounds  at  various  compositions.  The  segregation 
bands  within  the  cladding  such  as  the  ones  shown  in  figure  8(a) 
were  analyzed  to  be  high  in  Ti,  nearly  23-25%  with  a  strong 
possibility  of  the  segregation  band  containing  complex 
intermetallic  compounds.  Another  observation  in  Ti-6-4  was  the 
occurrence  of  an  intermediate  phase  at  the  interface  between  the 
cladding  and  the  substrate.  From  its  morphology,  which  is  revealed 
in  figure  8(b),  the  intermediate  phase  can  only  form  by  solid-state 
diffusion  of  elements  such  as  Co  and  Mo  from  T-400  into  Ti-6-4. 
In  this  phase,  Co  and  Mo  were  detected  and  estimated  at  20  and  10%, 
respectively,  with  Ti  being  about  60%.  Whether  this  layer  contains 
intermetallic  compound  or  is  a  /9-Ti  solid  solution  could  not  be 
determined. 

Besides  affecting  the  macrostructure  and  the  macrosegregation 
of  the  clad  layer,  the  dilution  process  also  affects  the  cladding 
properties.  Cast  Tribaloy-400  has  a  hardness  of  51-58  HRC  or  550- 
675  HV  for  optimum  wear  properties.  The  microhardness  of  the  T- 
400/1625  cladding  was  300-550  HV  which  is  lower  than  that  of  the 
cast  T-400.  Alloying  with  small  quantities  of  Ni  and  other  1625 
alloying  elements  softened  the  clad  layer  and  reduced  the  wear 
resistance^.  On  the  other  hand,  the  microhardness  of  700-1200  HV 
for  the  T-400/Ti-6-4  cladding  is  higher  than  that  of  the  cast  T- 
400.  Alloying  with  small  amounts  of  Ti  appears  to  have  improved 
the  hardness  and  probably  the  wear  resistance.  Unfortunately,  in 
some  T-400/Ti-6-4  samples,  small  cracks  were  detected  within  the 
Ti-rich  segregation  bands  and  within  the  intermediate  interface 
layer.  If  the  segregation  bands  and  the  intermediate  phase  are 
brittle  intermetalllcs,  the  formatidn  of  microcracks  is  not 


surprising.  In  an  extreme  case  involving  a  high  powder  feed  rate, 
the  cladding  delaminated  along  the  interface  boundary  and  along  the 
segregation  contours.  Dilution  is  undesirable  because  in  T- 
400/1625  it  resulted  in  a  loss  of  cladding  properties  and  in  T- 
400/Ti-6-4  it  promoted  cracking. 

Summary 

The  preheat  studies  demonstrated  that  modest  levels  of  preheat 
were  sufficient  to  prevent  thermal  cracking  in  WC  injected  Inconel 
625  alloy  samples.  The  preheat  temperatures  were  much  less  than 
those  required  for  cladding  due,  in  part,  to  lower  thermal 
stresses.  Due  to  a  higher  transverse  tensile  stress  component, 
wider  injected  layers  required  a  higher  preheat  than  narrower 
injected  layers. 

Injection  of  Tribaloy-400  powder  into  laser  melt  pools  formed 
on  Inconel  625  and  T-6A1-4V  alloy  substrates  resulted  in  fluid  flow 
driven  macrosegregation  and  macroalloying  in  the  clad  layer. 
Besides  inhomogenious  microstructures,  the  microhardness  of  the 
cladding  varied  considerably,  with  the  average  hardness  of  the  T- 
400/1625  cladding  being  lower  than  that  of  cast  T-400,  and  the 
average  hardness  of  T-400/Ti-6-4  being  higher  than  that  of  cast  T- 
400.  In  the  T-400/Ti-6-4  cladding,  besides  macroalloying,  brittle 
intermetallics  decorated  the  segregation  contours  and  the  cladding- 
substrate  interface  thereby  affecting  the  soundness  of  the 
cladding. 
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ABSTRACT 

A  n“w  3tom1?al:ion  process  has  beer,  developed 
which  combines  features  of  the  rapidly  spinning 
cup  process  and  of  centrifugal  atomization.  In 
this  process,  molten  metal  is  discharged  into  the 
inside  of  a  shallow  rapidly  spinning  cup  equipped 
with  a  rim  which  prevents  the  melt  from  spilling 
over  the  top.  The  melt  issues  instead  from  small 
holes  on  the  perimeter  of  the  cup.  The  fine 
streams  of  molten  metal  are  atomized  as  they 
enter  a  liquid  quenchant  contained  within  the  rim 
of  an  outer  cup  which  rotates  in  the  opposite 
direction.  Results  are  described  from  studies  of 
the  atomization  of  tin  with  different  combina¬ 
tions  of  cup  speeds. 


MUCH  OF  THE  INTEREST  in  rapid  solidification 
processing  in  recent  years  has  centered  on  powder 
:netallurgy  techrto!'u;y  because  or  [lie  n.iny  advan¬ 
tages  it  offers  in  the  fabrication  of  useful 
Shapes.  Most  of  the  research  employing  powder 
metallurgy  techniques  has  employed  gas  atomized 
povrder,  even  though  the  solidification  rate  is 
normally  substantially  lower  than  is  possible 
with  processes  such  as  chill  block  melt  spinning. 
It,,  is  widely  appreciated  that  the  finest  size 
particles  produced  by  gas  atomization  cool  at 
very  high  rates,  and  there  have  been  many 
attempts  to  reduce  mean  particle  sizes,  both 
because  of  interest  in  the  properties  of  the  firu- 
particles  and  because  there  are  some  applications 
which  require  powders  finer  than  those  typical  of 
gas  atomization  processes.  Atomized  powders 
generally  have  mean  particle  sizes  of  30  pin  or 
more,  though  mean  sizes  as  small  as  10  um  are 
possible  (1,2).  Applications  which  require  or 
benefit  from  powder  sizes  smaller  than  10  nm 
include  injection  molding  (3,4),  magnetic  devices 
(5,6),  and  electronic  devices  (7,8). 

Perhaps  the  only  commercial  means  for 
producing  powder  in  the  10  pm  range  of  complex 


alloys  is  the  water  atomization  process.  This 
process  produces  very  rapid  cooling  rates,  but  it 
is  not  well  suited  for  use  with  reactive  alloys 
because  they  tend  to  from  irregularly  shaped 
particles  with  oxide  skins  (9).  The  formation  of 
oxidized  surfaces  could  be  prevented  by  using 
oils  or  other  oxygen  free  liquids,  but  these 
fluids  are  generally  too  viscous  to  use  effec¬ 
tively  in  a  process  like  water  atomization  which 
depends  upon  squirting  the  atomizing  fluid  from 
nozzles  at  high  velocities.  An  innovative  new 
process  which  helps  to  overcome  that  limitation 
has  been  reported  by  Raman,  Patel  and  Carbonara 
(10).  This  process  consists  of  squirting  a 
stream  of  molten  metal  from  a  nozzle  into  an 
atomization/quenching  fluid  contained  within  the 
perimeter  of  a  rapidly  spinning  cup.  They  report 
very  low  oxygen,  nitrogen,  and  hydrogen  levels 
for  a  superalloy  atomized  in  oil  (10),  These 
authors  do  not  report  detailed  size  analyses,  but 
mean  particle  sizes  near  10  pm  have  been  achieved 
(111.  rtic  major  liinilatinn  to  further  rtpluctioti 
in  partible  size  by  tlie  rapidly  spinning  cup 
process  derive  from  physical  limitation  on  how 
rapidly  a  fluid  containing  cup  can  be  made  to 
spin  (11).  This  consideration  led  to  the  design 
()•  tlie  api'arjtus  described  tielow. 

APPARATUS  DESCRIPTION  AND  OPERATION 

The  counter  rotating  fluid  atomization 
process  consists  of  combining  a  centrifugal 
.itdiiiizer  w.th  a  .’apidly  spinning  cup  device. 
Centrifugal  atomizers  are  normally  constructed  to 
fling  molten  droplets  from  the  rim  of  a  rapidly 
spinning  disc  or  cup,  hut  in  our  current 
configuration  the  molten  metal  issues  from  fine 
holes  on  the  perimeter  of  a  shallow  rimmed  cup. 

As  is  illustrated  schematically  in  Fig.  1,  this 
atomizer  is  positioned  within  a  rapidly  spinning 
cup  that  rotates  in  the  opposite  direction.  The 
fine  streams  of  molten  metal  which  issue  from  the 
inner  cup  strike  the  fluid  contained  within  the 
outer  cup  and  are  atomized  and  quenched  by  it. 

The  molten  metal  is  fed  into  the  previously 


healeil  :nner  cuj^  from  a  small  furnace  .'ositioned 
above  ii.  In  a  simple  early  configuration  of  the 
apparatus  the  two  cups  were  mounted  directly  on' 
the  output  shafts  of  air  motors,  as.  illustrated 
in  Fig.  1.  A  more  elaborate  version  of  the 
apparatus  was  used  for  the  work  reported  here. 

In  it  the  the  two  cups  are  positioned  within  a 
vacuum  vessel  and  are  mounted  on  the  shafts  of 
water  cooled  rotary  motion  feedthroughs 
manufactured  by  Ferrofluidics.  The  inner  cup, 
made  of  stainless  steel,  is  heated. by  a  helical 
resistance  heater  positioned  just  within  its 
upper  lip.  While  the  inner  cup  is  being  heated, 
the  outer  cup,  made  of  6061  A],  is  in  contact 
with  the  bottom  of  the  water  cooled  vacuum  vessel 
and  is  conduction  cooled  by  it.  Just  prior  to 
the  run  the  vacuum  vessel  is  dropped  out  of 
contact,  that  motion  being  made  possible  by  a 
metal  bellows,  and  the  cup  thereafter  is  cooled 
only  by  conduction  through  the  rotary  motion 
feedthrough  shaft,  a  less  efficient  process. 
During  heating  of  the  inner  cup,  the  outer  cup  is 
stationary  and  empty.  After  the  vacuum  vessel  is 
dropped,  the  outer  cup  is  spun  up  to  speed  and 
then  filled  vnth  oil  through  a  fine  tube  that 
fits  down  between  the  two  cups.  This  procedure 
minimizes  heating  of  the  oil  prior  to  the 
experiment.  When  both  cups  are  at  speed,  molten 
metal  is  discharged  from  a  small  furnace  into  tlie 
inner  cup  by  means  of  a  pushrod  activated 
stopper.  All  experiments  are  conducted  with  the 
chamber  evacuated  by  means  of  a  mechanical  pump. 

The  two  cups  run  in  close  proximity  to  one 
another  In  order  to  minimize  breakup  of  the  melt 
streams  before  entry  into  the  oil.  The  inner  cup 
has  an  outer  diameter  of  147  mm  and  is  penetrated 
by  two  holes  0.35  mm  in  diameter.  The  outer  cup 
has  an  inner  diameter  of  152  mn  and  was  filled 
with  oil  to  its  full  depth  of  9  mm.  The  speeds 
of  the  two  cups,  determined  by  the  pressure  of 
the  air  to  the  motors,  cannot  be  accurately 
controlled  but  are  accurately  monitored  by  'iieans 
of  digital  tachometers.  The  air  inotors  are 
capable  of  driving  the  disks  to  rotational  speeds 
well  in  excess  of  10,000  rpm,  but  the  speeds  have 
been  held  much  lower  for  safety  reasons.  During 
heating  of  the  inner  cup  its  temperature  is 
monitored  by  means  of  a  fine  gage  thermocouple 
inserted  in  a  hole  on  its  upper  surface.  This 
thermocouple  is  retracted  before  the  cup  is  spun 
up  to  speed.  There  are  no  means  for  measuring 
the  outer  cup  temperature  when  the  system  is 
evacuated.  The  temperature  of  the  oil  at  the  end 
of  an  atomization  run  can  be  measured  by 
decreasing  the  cup  speed,  opening  the  system,  and 
inserting  a  fine  gage  thermocouple  directly  into 
the  oil.  During  the  first  minute  or  two  the  oil 
cools  rather  quickly,  so  its  peak  temperature  iMy 
have  been  30®C  or  more  above  that  measured. 

The  experiments  reported  here  employed 
mechanical  vacuum  pump  oil  as  a  quenchant. 

Samples  of  tin  for  atomization  were  cut  from  high 
'purity  fodsv  Each  weighed  approximately  1.5 
grans. 


Fig.  1  Schematic  representation  of  counter 
rotating  fluid  atomizer  in  cross  section. 


POWDER  RECOVERY  AND  CHARACTERIZATION 

Powder  was  recovered  from  the  quench  fluid 
by  lowering  the  speed  of  the  outer  cup  to  about 
200  rpm,  raisirg  the  inner  cup  (which  is  attached 
via  the  feedthrough  to  the  lid  of  the  vacuum 
vessel),  and  carefully  pipetting  off  most  of  the 
oil  while  leaving  the  remaining  oil  and  the 
powder  against  the  wall  of  the  cup.  The  re¬ 
maining  oil  and  powder  were  then  recovered  by 
pipetting,  the  thin  oil  layer  being  replenished 
repeatedly  with  kerosene  to  assure  full  recovery 
of  the  powder.  The  powder  was  washed  in  kero¬ 
sene,  centrifuged,  and  most  of  the  kerosene 
decanted  off.  The  powder  was  then  washed  in 
acetone,  centrifuged,  and  the  bulk  of  the  acetone 
decanted  off.  Samples  were  prepared  for  scanning 
electron  microscopy  (SEM)  at  this  stage  by 
transferring  a  small  portion  of  the  slurry  to  the 
surface  of  a  specimen  holder  and  simply  allowing 
the  acetone  to  evaporate.  All  SEM  photographs 
were  done  in  the  secondary  electron  imaging  mode 
with  an  accelerating  voltage  of  ZbkV. 

Screening  for  particle  size  analysis  was 
accomplished  by  placing  the  acetone/powder  slurry 
successively  in  120  mesh  (125  ym  opening),  ?30 
mesh  (63  yra  opening)  and  30  pm  sieves  and  by 
squirting  acetone  onto  and  through  the  sieves 
thus  recovering  most  of  the  fines  which  would 
otherwise  ailhere  to  larger  particles  and  flakes. 
The  different  size  fractions  were  centrifuged, 
decanted,  and  the  residual  acetone  evaporated  to 
yield  clean,  dry  powder.  The  dry  powder  was  then 
weighed  for  size  analysis. 
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POWl  ER  .•■IOKPIIDLOGY 

Pui'e  tin  was  atomized  under  diverse 
operating  conditions  and  the  resultant  product 
examined  by  SEM.  Experimental  powder  lots 
examined  in  this  study  and.  the  conditions  used  to 
produce  them  are  listed  in  Table  I.  Under  most 
of  the  operating  conditions  listed  in  Table  I.  a 
major  portion  of  the  melt  was  reduced  to  fine, 
nearly  spherical  particles.  Figure  Z  shows  a 
representative  view  of  powder  from  Run  9  whose 
conditions  produced  relatively  fine  particles. 

One  can  see  that  the  particle  sizes  range  from  SO 
pm  or  so  down  to  2  pm  or  less,  and  higher  magni¬ 
fication  views  of  this  sample  showed  some 
particles  smaller  than  1  pm  in  diameter.  While 
the  product  of  all  experiments  contained  a  large 
proportion  of  spherical  or  nearly  spherical 
powder  particles,  many  other  particulate  mor¬ 
phologies  were  also  generated.  Some  of  these  are 
shown  in  Fig.  3,  which  shows  two  views  from  Run 
10.  The  low  magnification  view.  Fig.  3a,  shows 
some  large  nonspherical  particles  as  well  as 
several  of  a  fibrous  nature.  It  is  not  easy  to 
visualize  what  processes  might  have  influenced 
the  shape  of  some  of  the  larger  irregularly 
shaped  particles,  but  the  flat  bottomed  one  in 
the  lower  portion  of  the  photo  shows  clear 
evidence  of  having  contacted  the  perimeter  of  the 
quenching  cup  while  it  was  still  molten.  Flat 
bottomed  particles  of  this  type  were  seen  only 
infrequently,  and  invariably  they  were  of  large 
size.  This  indicates  that  nearly  all  of  the 
particles  were  solidified  before  they  penetrated 
the  9  tmi  quenchant  depth. 

The  fibrous  particles  evident  in  Fig.  3a  and 
at  higher  magnification  in  Fig.  3b  demonstrate 
that  the  atomization  process  produced  some  melt 
filaments  a  few  micrometers  in  diameter  and  as 
much  as  100  gm  long.  It  is  likely  that  many  of 
the  finer  particles  were  produced  by  capillary 


Table  I  -  Processing  Conditions 


Run 

Melt 

Inner 

Oil 

Inner 

Outer 

No. 

Temp. 

Cup 

Teni(). 

Cup 

Cup 

C^C) 

Temp. 

(OC) 

Speed 

Speed 

(OC) 

(ms-1) 

(ms-1) 

1 

393 

403 

104 

16.4 

28,3 

2 

278 

268 

41 

17.6 

30.0 

3 

296 

306 

68 

19.3 

33.6 

4 

j/1 

3bU 

90 

23.1 

32.0 

5 

353 

315 

73 

14.6 

33.6 

6 

364 

3/9 

79 

19.6 

35.6 

7 

36/ 

362 

73 

16.6 

7.44 

« 

377 

358 

76 

22.1 

25.4 

9 

363 

356 

70 

17.5 

30.8 

10 

360 

323 

58 

16.8 

40.1 

11 

386 

373 

71 

16.8 

9.35 

12 

384 

348 

86 

15.9 

16.8 

13 

395 

350 

89 

17.6 

25.4 

14 

312 

346 

84 

9,05 

31.3 

15 

391 

359 

90 

22.9 

32.3 

16 

328 

375 

87 

30.4 

32.4 

Fig.  2  Tin  powder  produced  with  an  inner  cup 
speed,  V^,  of  17. b  ms"^  and  an  outer  cup  speed, 
Vq,  of  3U.8  ms"^. 


driven  breakdown  of  even  finer  filaments,  a 
process  which  is  expected  to  occur  on  a  sub- 
microsecond  time  scale  (12).  The  fibrous 
particles  observed  in  this  study  often  exhibited 
evidence  of  the  Rayleigh  instabilities  which  lead 
to  this  breakdown,  in  some  fibers,  such  as  the 
one  near  the  top  of  Fig.  3b,  the  instabilities 
had  proceeded  to  a  marked  degree  before  the  fibe 
solidified.  The  fact  that  some  of  these  fine 
fibers  survived  suggests  that  the  rate  of 
solidification  was  very  high.  The  proportion  of 
fibers  in  the  melt  was  dependent  on  the  melt 
superheat  prior  to  atomization,  with  fewer  fibers 
being  generated  at  greater  superheats,  presumably 
because  the  additional  superheat  permitted  time 
for  their  spheration  before  solidification. 
Conversely,  melts  atomized  with  low  superheats 
esMibited  a  diverse  range  of  particle  shapes 
which  could  only  have  been  produced  with  vi'ry 
high  rates  of  cooling.  The  most  striking  product 
morphology  under  these  conditions  is  thin  flake 
of  the  type  Shown  in  Figs.  4  and  b.  The  flake 
lig.  ^  shows  vcM'y  clearly  th.it  the  thin  sheet  e 
liquid  tin  solidified  in  a  dendritic  mode.  The 
flake  contains  several  dendrites  which  grew 
competitively.  Across  the  upper  edge  of  the 
flake  it  appears  as  if  the  sheet  of  liquid  roll 
up  before  it  solidified.  In  some  areas  this 
flake  and  others  ,ire  i'>,t  rein'l  y  ttiin,  a  point 
which  is  demonstrated  by  Fig.  5.  Figure  ba  shows 
the  major  portion  of  a  flake  in  which  the 
crystallite  morphology  is  less  regular  than  in 
Fig.  A,  but  which  is  still  recognizably  dendritic 
in  nature.  Portions  of  this  flake  give  the 
impression  of  being  translucent,  particularly 
that  area  shown  in  Fig.  Sb.  In  this  figure  one 
can  see  fine  spheres  and  fibers  right  through  the 
flike.  The  difference  in  appearance  of  the 
particles  above  and  below  the  flake  leave  no 
doubt  that  it  is  thin  enough  to  be  transparent  to 
the  25kV  electrons  used  to  form  the  image.  This 
means  thaf  in  these  areas  the  flakes  are  no  more 
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(b)  Fibers  showing  Kay  lei yh  i nsiabi I i t ics. 


than  a  few  tens  of  nanoneters  thick.  Such  thin 
films  must  have  solidified  very  rapidly  to  have 
avoided  breakiny  down  by  Kayleigh  instabilities, 
though  at  present  we  have  no  way  to  assess  the 
rate  of  cooling  or  the  solidification  rate. 

Despite  the  possibility  of  very  tiigh  cooling 
rates  evidenced  by  these  thin  flakes,  much  of  the 
melt  was  converted  to  powder.  The  atomization 
process  is  very  complex,  but  the  oonspherical 
products  generated  with  low  superheats  provide 
some  insights  into  the  complexities.  For 
example,  the  rounded  upper  edge  on  the  flake 
pictured  in  Fig.  4  suggests  that  at  least  some  of 
the  fibers  form  by  the  breakdown  of  sheets  of 
liquid.  This  formation  of  fibers  from  sheets  has 
been  cohsid'ered  earl ier  (13)  in  terns  6f  Rayleigh 
instabilities,  but  Fig.  6  demonstrates  that  the 
process  may  be  more  complex  than  was  previously 


Fig.  4  Flake  produced  when  melt  had  a  low  level 
of  superheat.  Processing  conditions  shown  in  Run 
2  data  of  Table  I. 


visualized.  This  photo  shows  the  formation  of  a 
fiber  by  the  rolling  up  of  a  film  fragment.  This 
photo  also  shows  how  the  fiber  can  incorporate 
fine  particles  which  are  adjacent  to  it  as  it 
forms,  for  the  fiber  has  a  series  of  bumps  that 
must  have  been  produced  in  such  a  way. 

Figure  3b  and  earlier  work  (13)  demonstrate 
how  spherical  particles  can  form  from  fibers,  hut 
Figs.  ?  and  »  demonstrate  that  other  routes  are 
possible.  Figure  7  shows  a  film  fragment  of 
complex  shape  which  was  rolling  up  around  much  of 
its  perimeter  when  it  solidified.  Note  that  it 
has  also  incorporated  small  particles  as  it 
collapsed.  Figure  8  shows  a  particle  which 
probably  formed  in  a  similar  fashion,  hut  which 
j  rc  urpora  t  (■(!  (‘von  tiK'rc  ‘‘.mII  pur!!'  1.",.  ’'u!,'.' 

vlcuer  coolliuj  (.0(1(1 1 1  I  oils  thc'.f  1,'.  "I'lh! 

we  I  )  nave  t  onned  spheres.  Uiese  j'arliiles 
Suij(jest  that  many  of  the  large  splie('(Cal 
particles  observed  in  the  work  reported  here  inay 
have  resulted  from  a  very  roi'iplex  rhain  of 
events.  Particles  of  intermediate  size  would  he 
expected  to  have  experienced  fewer  interactions, 
a  supposition  which  is  supported  to  a  limited 
degree  by  Fig.  9.  This  photo  shows  a  film 
fragment  which,  with  a  little  imire  superheat, 
would  have  formed  a  sphere  of  pertiaps  in  um 
diameter.  Ihe  finest  parlu  Ics  proli.inly  i  oi  imcu 
from  breakup  of  small  portions  of  the  very  thin 
film  fragments,  though  the  breakup  process  itself 
could  be  (luite  complex. 

CUP  SPEtU  tut  CIS 

Ihe  experimental  test  conditions  listed  in 
lable  1  cover  a  range  of  operating  speeds  tor 
both  the  inner  and  outer  cups.  The  effect  of 
these  tup  speeds  on  particle  size  has  been 
examined  by  both  HM  and  by  particle  size 
analysis  conducted  by  sireeiiimi  and  (we  i  ipi  i  n<|. 
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(b) 


Fig.  5  Another  flake  from  Hun  1.  High 
mayni f icaiion  view  in  (b)  shows  that  flake  is 
electron  transparent. 


The  SEM  examination  is  somewhat  judgmental 
because  the  areas  selected  for  photographs  arc 
subject  to  operator  prejudice.  Also,  the  number 
of  particles  sampled  is  limited  and  sampling 
errors  can  be  significant.  Despite  these 
sampling  problems,  the  SEM  photos  give  a  good 
visual  impression  of  the  size  differences 
resulting  from  the  process  variations.  The  most 
apparent  variation  in  particle  size  distribution 
was  caused  by  varying  the  speed  of  the  outer  cup. 
Comparison  of  Fig.  3a  and  Fig.  10  gives  a  good 
indication  of  this  effect.  The  runs  from  which 
these  samples  were  taken  both  Miployed  an  inner 
cup  rim  speed.  V{,  of  16.8  ms"*,  but  the  surface 
velocity  of  the  oil  in  the  out'ef  cup,  V^,  was 
40.1  ms"*  for  Tig.  3a  and  9.35  ms"*  for  Fig.  10. 
The  photos  were  taken  at  the  same  magni f icat ion 
(JUOx),  So  one  can  re.idily  see  th.it  the  higher 


Fig.  6  Partially  formed  fiber  from  Run  2. 


outer  cup  speed  produced  substantially  finer 
powder.  The  real  difference  in  size  is  probably 
even* greater  than  one  would  guess  from  looking  at 
the  two  photos  because  Fig.  3a  shows  a  greater 
number  of  large  particles  than  was  typical  of  the 
sample. 

The  effect  of  inner  cup  speed  on  particle 
size  is  demonstrated  to  some  extent  by  Figs,  11 
and  12.  These  photos  are  from  runs  which  were 
done  with  nearly  equal  Vq's  (31.3  ms"*  for  Fig. 

11  and  32.4  ms"*  for  Fig.  12),  but  their  V^'s 
varied  substantially  (9.05  ms"*  for  Fig.  11  and 
30.4  ms"*  for  Fig.  12).  Again,  the  photos  are  at 
the  same  magnification  (300x)  ,  and  the  area 
shown  in  the  photo  with  finer  powder  was  delib¬ 
erately  selected  to  show  a  high  proportion  of 
coarse  powder  particles.  The  difference  in  size 
between  the  powder  particles  shown  in  these  t .. 
photographs  is  nut  os  oieot  os  tho.l  bet  w.  r'' 


Fig.  7  Irregularly  shaped  particle  which 

solidified  before  sphcration  was  complete.  From 
K  u  n  2 , 
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FI9.  a  Irregularly  shaped  particle  which 
incorporated  many  small  particles.  From  Run  2. 


Fig.  10  Powder  produced  with  =  16.8  ms"^  anc 
Vo  =  9.3b  ms'^.  Compare  to  Fig.  3a,  which  shows 
pov»der  made  with  higher  V^. 


id  dCK)  1  ii  ,  hut  thrtr  IS  no  (toiiht  that  tile 
experiment  done  with  a  higher  inner  cup  speed 
generated  a  finer  powder. 


The  size  effects  which  are  illustrated  by 
tile  btlT  photographs  just  discussed  weic  examined 
in  a  guantuative  fashion  for  eight  of  the  runs 
by  screening  the  ppwde'S  as  describ.ul  in  the 
Powder  Recovery  and  Characteri  zation  section. 
This  analysis  produced  liie  data  given  in  Tatile 
II.  In  this  table,  the  five  ex(>ei  imenta  I  runs 


with  numbers  9  through  13  were  conducted  with 
inner  cup  speeds  near  1/  iiis'*  and  wilti  varying 
outer  cup  speeds,  while  runs  9  and  14-16  were 
done  with  outer  cup  speeds  near  33  ms"'  and 
varying  inner  cup  speeds.  Run  6  does  not  fit 
into  either  senes,  but  the  data  from  it 
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plotted  in  Fig.  13,  demonstrate  the  effect  of 
increasing  outer  cup  speed  on  particle  size.  The 
particle  size  analysis  yielded  only  four  data 
points,  so  the  curves  of  Fig.  13  are  somev/hat 
schematic,  but  they  clearly  demonstrate  that 
increasing  the  outer  cup  speed  refines  the  mean 
particle  size.  At  the  lowest  outer  cup  speed, 
tor  example,  there  is  a  peak  in  particle*  size  in 
tile  size  range  63  to  13b  urn,  and  the  peak  shifts 
to  progressively  finer  sizes  at  higher  speeds. 

The  peaks  tor  the  two  runs  with  the  fastest  (uitur 
Cup  speeds  both  tall  in  the  -30  urn  range  so  tht> 
screening  analysis  could  not  determine  the  peak 
position. 

The  data  for  runs  with  a  nearly  constant 
outer  cup  speed  are  plotted  in  Fiii.  M.  Ifie 
lufvr''  are  auain  sei'iewhat  •.(Ih'mi.iI  i,  ,  'i.t  •'  v 

■  ■  .  ■  ■  111  l  U  "i  I  "t .  1 .  •  1  ,  1  ■  ■  I 

I  >  1  1  I  *  e(  t  ‘lie  r  '■  Pe  I  ivt'i  -  I!  1  P  ■  ■  •  i ;  l  v  e  ■■  ■  r  ■  ■  ;  ■  P  1  , 

doubt  because  tfie  relatively  high  outer  cup  siiee.l 
tends  CO  mask  tlie  effects  of  varying  the  inner 
cup  speed,  the  <1ata  shows  that  the  'I'wesf  inner 
'-Up  Sju'ed  prodiu  ed  i  to.iiM  '.i  luiwu.  i  ,  'iiH  that 
the  finest  powder  was  produced  with  an  inter- 


Table  II  -  Particle  Size  Distrituit  ion  Data 


lig.  9  Small  flake  frozen  before  it  teiild 
■  I  •n'.i' I  I  dal  I  lull)  ,1  ■gdiere.  I  riiiii  Run  3. 


Fig.  11  Powder  produced  with  =  9.05  ms"^  and 
Vq  =  31.3  tns'l. 

mediate  inner  cup  speed  (i.e.  17.5  ms“^).  This 
observation  clearly  suggests  that  if  one's  goal 
is  to  produce  the  finest  powder,  then  the  outer 
cup  should  be  run  at  the  highest  practical  speed, 
and  the  optimum  speed  for  the  inner  cup  should  be 
experimentally  determined.  This  hypothesis  has 
not  yet  been  rigorously  tested,  but  the  data  for 
run  6  in  Table  II  seem  to  confirm  it.  This  run, 
done  before  the  hypothesis  was  constructed,  had  a 
relatively  high  outer  cup  speed  and  an  intermed¬ 
iate  inner  cup  speed,  and  it  produced  the  finest 
powder  of  all  the  runs  conducted. 

SUMMAR  Y 

These  experiments  demonstrate  that  the 
counter  rotating  fluid  stomi7ation  proci'ss  is 
uf  (.LTicr.H  )  nu  riru'  jiuwiler  ft  mi-  '’Kiljiui 


Tig.  13  Variation  of  particle  sire  with  outer 
cup  speed  when  inner  cup  speed  is  nearly 
f  onstiint  . 


Fig.  12  Powder  produced  with  =  30.4  ms"^  ai 
Vq  =  32.4  ms'*. 


metal,  and  that  when  the  superheat  is  suffi¬ 
ciently  high  (10U-125OC  for  tin)  nearly  all  of 
tne  powder  particles  are  spherical.  With  lower 
superheats  much  of  the  melt  solidified  before  it 
had  an  opportunity  to  spherate,  and  the  widely 
diverse  nonspherical  forms  were  examined  to  learn 
details  of  the  atomization  process.  Neither 
cooling  rates  nor  solidification  rates  have  been 
determined,  but  the  morphologies  of  the  many 
nonspherical  shapes  derived  from  a  low  superheat 
melt  suggest  that  they  are  very  high.  Mean 
particle  sizes  below  30  pm  have  been  achieved, 
and  there  is  good  reason  to  believe  that  with 
higher  cup  speeds  considerably  smaller  sizes 
could  be  produced. 


Particle  Size  Range,  pm 


fig.  14  Variation  of  particle  size  with  inner 
cup  speed  when  outer  cup  speed  is  nearly 

i.tin'sliWif  . 
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ABSTRACT 

An  interacting-particle  method  for  computer  simulation  of  deformation  and 
fracture  in  polycrystalline  ceramics  is  described  and  is  applied  to  several 
simple  cases.  Models  of  the  stress  distribution  produced  in  bending  of  a  beam 
by  terminal  couples  and  by  three-point  loading  are  examined  and  compared  with 
the  predictions  of  Bernoull i-Euler  elastic  theory.  It  is  shown  that  there  can 
be  significant  deviations  from  theory  in  the  case  of  three-point  bending.  The 
influence  of  an  isolated  void  on  the  stress  distribution  in  three-point 
bending  is  also  considered.  The  failure  mechanism  of  the  model  is  considered 
in  detail  and  compared  with  the  basic  experimental  features  of  fracture  and 
crack  propagation. 


1.  Introduction 

It  is  well-known  that  porosity  in  ceramic  materials  can  affect 
physical  properties  such  as  elastic  response,  tensile  strength  and  fracture 
behavior  (1).  It  is  widely  accepted  that  modifications  induced  by  the  pores, 
or  voids,  in  the  internal  stress  distribution  are  responsible.  For  example, 
regions  of  enhanced  stress  associated  with  irregular  voids  or  void  clusters 
can  reduce  the  fracture  strength  considerably  (1).  The  relative  importance  of 
the  size  and  surface  roughness  of  the  voids  is  not  clear.  Kahn  et  al .  (2) 
showed  that  the  transducing  properties  of  PZT  for  hydrostatic  pressure  can  be 
improved  by  the  introduction  of  ordered  arrays  of  disk-shaped  voids.  This  was 
attributed  to  the  cooperative  stress  concentrating  effect  of  the  void  arrays, 
which  enhances  the  piezoelectric  response  for  a  stress  field  normal  to  the 
disk  plane  (3).  More  recent  work  (4)  on  the  mechanical  properties  of  PZT 
containing  ordered,  disk-shaped  voids  suggests  that  the  presence  of  void 
arrays  can  have  an  influence  also  on  the  tensile  strength  and  fracture 
toughness. 

It  is  important,  both  from  a  technological  point  of  view  and  in  the 
interest  of  basic  knowledge,  to  understand  the  reasons  for  these 
effects.  Analytic  theoretical  solutions  are  not  available  at  present,  so  that 
a  numerical  approach  is  necessary.  Techniques  based  on  continuum  mechanics, 
for  example  the  finite-element  method,  have  been  used  successfully  to  study 
the  linear  elastic  and  electric  response  of  ceramic  composites  (e.g.  5-7).  We 
will  use  an  equivalent  method  derived  from  molecular  dynamics  (e.g.  8).  ihe 
present  manuscript  will  focus  on  an  introduction  to  this  model  in  a  two- 
dimensional  (20)  approximation  and  its  performance  in  some  elementary  applica¬ 
tions. 
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2.  The  Theoretical  Model 

The  2D  polycrystalline  ceramic  solid  will  be  modelled  by  a  regular 
triangular  lattice  of  particles  or  mass  points  bound  by  central  pairwise 
forces.  The  particles,  each  representing  a  cluster  of  one  or  more  grains,  are 
taken  to  be  non-deforming  in  a  first  approximation,  so  that  strain 
accommodation  and  fracture  are  constrained  to  occur  solely  at  the  inter¬ 
particle  bonds.  The  interparticle  forces  can  thus  be  interpreted  as  an 
approximate  representation  of  intergranular  cohesion.  This  is  a  suitable  model 
for  the  problem  at  hand,  because  experiment  indicates  that  for  PZT  with 
fine-grained  microstructure,  failure  occurs  as  a  result  of  intergranular 
fracture  (9).  This  suggests  that  the  rate-controlling  crack  nucleation  and 
propagation  mechanisms  operate  at  grain  boundaries,  i.e.,  the  inter-particle 
bonds  of  the  model . 

This  approach  to  fracture  modelling  is  not  new,  but  has  been  applied 
previously  only  at  an  atomistic  level  (10-14).  The  model  is  formally 
equivalent  to  FEM  in  the  linear  limit  (14).  Two  aspects  of  the  theoretical 
model  deserve  further  discussion.  The  interparticle  potential  function,  which 
governs  the  mechanical  properties  of  the  model,  and  the  numerical  solution  of 
the  problem  will  both  be  addressed  below. 


4 

2,1  The  Inter-Particle  Potential  Function 

The  particle  binding  forces  are  assumed  to  be  derived  from  a  central 
potential  V(lr'-’|),  such  that  the  energy  U'  of  the  ith  particle  is  given  by 

U‘  =i.Zv(|r’^l)  [1 

where  r’^  is  the  relative  position  vector  r’-H  of  particles  i  and  j, 
and  the  summation  extends  over  nearest  neighbor  particles  only.  The  assumption 
of  central  forces  is  certainly  a  simplification,  but  the  exact  form  of  V(r) 
is  unlikely  to  be  of  great  importance  for  the  present  studies  of  stress 
distribution  and  fracture.  It  should  be  sufficient  that  the  potential  fit  the 
elastic  constants  approximately  and,  beyond  the  linear  limit,  be  somewhat 
harder  in  compression  than  tension,  to  reflect  the  behavior  of  the  typical 
solid.  In  the  case  of  fracture,  a  catastrophic  phenomenon  common  to  a  wide 
range  of  materials  with  different  binding  forces,  it  is  improbable  that  the 
details  of  the  binding  are  of  controlling  importance. 

Two  different  potential  functions  have  been  used.  First,  a  standard 
Lennard-Oones  form,  smoothly  truncated  at  a  cut-off  distance  r^.,  shown  in  fig. 
1  as  a  function  of  r/a,  where  a  is  the  lattice  constant.  For  separations 
greater  than  r^.  the  particles  no  longer  interact;  therefore  it  seems 
reasonable  to  take  r>r^  as  the  criterion  for  breaking,  or  fracture,  of  a  bond. 
The  second  potential  considered  was  a  bi -quadratic  (piece-wise  linear  force) 
model.  The  latter  potential  parallels  closely  the  atomistic  model  of  Ashurst 
and  Hoover  (14), 
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The  single  free  parameters  in  the  potentials  were  fitted  to  the 
Young's  modulus,  using  a  value  of  106GPa,  representative  of  the  largest  values 
reported  for  dense  polycrystalline  PZT  (15).  Other  elastic  constants  or 
characteristic  properties  could  also  be  fitted  by  incorporating  additional 
parameters  into  the  potential,  but  this  was  considered  an  unnecessary 
complication;  our  intention  is  to  examine  the  simplest  possible  model 
consistent  with  material  properties.  In  the  linear  limit  the  two  potentials 
describe  identical  models,  predicting  a  value  of  53GPa  for  the  shear  modulus, 
which  compares  well  with  a  typical  measured  value  (15)  of  41GPa. 

The  lattice  constant  a  determines  the  scale,  or  resolution  of  the 
model,  and  can  be  identified  with  the  element  size  in  FEM.  The  continuum  limit 
is  approached  as  a  tends  to  zero.  The  model  is  scale-invariant;  that  is,  the 
calculated  stresses  are  independent  of  the  value  assigned  to  a,  provided  that 
the  potential  for  each  value  of  a  is  fitted  to  the  same  elastic  constant.  For 
the  present  problem,  in  which  features  on  an  intergranular  scale  are  of 
primary  importance,  a  will  be  considered  to  have  a  value  of  the  same  order  as 
the  grain,  or  crystallite  size,  about  4um  for  the  experimental  work  (2,4) 
cited  above. 
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2.2  Computational  Methods 

The  total  energy  of  the  particle  assembly,  W,  can  be  written  as  a  sum 
over  the  individual  particle  energies  [1]  as 

W  =^2lV{|r’^|)  [2 

To  simulate  deformation,  appropriate  boundary  conditions  in  the  form 
of  fixed  displacements  or  constraining  forces  must  be  applied  to  the  model.  It 
is  usually  convenient  also  to  apply  an  initial,  approximate  displacement 
field,  although  this  is  not  necessary.  The  assembly  will  then  no  longer  be  in 
equilibrium  and  the  force  on  the  ith  particle  will  be  given  by 

K  =  K  -Iw  -  .  [3 

where  £'  represents  the  constraint  forces,  if  present,  and  .  denotes 
a  resolved  vector  component.  The  numerical  problem  is  to  adjust  or  "relax"  the 
coordinates  r  until  equilibrium  is  reached.  This  is  done  by  the  conventional 
molecular  dynamic  procedure  of  allowing  the  particles  to  execute  Newtonian 
motion  subject  to  the  forces  [3].  At  periodic  intervals  the  kinetic  energy  is 
quenched  from  the  assembly,  which  therefore  tends  to  a  configuration  of 
minimum  potential  energy. 

The  specific  deformation  to  be  modelled  determines  the  form  of  the 

constraints.  An  example  is  provided  by  the  case  of  a  bent  beam,  which  can  be 

modelled  with  constraints  of  terminal  couples  (TC)  (fig. 2(a)  or  with 

0 

three-point  (TP)  force  constraints  (fig.  2'(b>).  Consider  first  the  case  of  TC 
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bending,  with  a  beam  bent  into  a  circular  arc  of  radius  R,  about  an  axis 
normal  to  the  plane  of  the  (2D)  beam  by  couples  M  at  each  end,  causing  a 
central  deflection  normal  to  the  length  of  the  beam  and  parallel  to  the 
axis  (see  fig.  2(a)).  The  displacement  field  u  is  given  approximately  by 
(16,17) 


Ui  = 

U2  =  tjVr 

These  displacements  define  an  inhomogeneous  strain  field  in  the  beam, 
but  because  it  remains  approximately  in  equilibrium,  residual  forces  will  be 
small,  provided  that  boundary  conditions  appropriate  to  terminal  couples 
(e.g.  fixing  of  the  positions  at  the  ends  of  the  beam)  are  satisfied.  The 
same  displacement  field  can  be  used  as  an  initial  solution  for  modelling  of 
three-point  bending.  However,  in  this  case  the  boundary  conditions  are  that 
the  particles  in  contact  with  the  three  constraining  anvils  (fig.  2(b))  are 
not  permitted  to  move  in  the  x^  direction.  For  these  boundary  conditions  the 
displacement  field  [4]  is  not  a  good  representation  of  the  equilibrium  elastic 
solution,  so  that  the  residual  forces  on  the  displaced  particles  will  be  much 
larger. 

Voids  can  be  modelled  by  removing  an  appropriate  set  of  particles  from 
the  model.  Stress  concentrations  induced  by  flaws  can  be  simulated  by 
stretching  inter-particle  separations,  either  by  applying  constant  constraint 
forces  to  specific  particles  or  by  breaking  interparticle  bonds. 
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3.  Bending  and  Fracture  Studies. 

The  behavior  of  simple  cases  will  be  examined,  in  order  to  demonstrate 
the  reliability  of  the  model  in  situations  for  which  the  approximate  solution 
is  known.  The  stress  distributions  produced  by  terminal  couple  and  three-point 
bending  of  homogeneous  specimens  will  be  considered  as  well  as  that  of  a  bent 
sample  containing  an  isolated  void.  Fracture,  crack  propagation  and  crack 
stress  enhancement  for  the  case  of  uniaxial  stress  applied  to  homogeneous 
models  will  also  be  examined. 


3.1  Deformation  by  Bending 

As  noted  already,  there  are  two  distinct  sets  of  bending  constraints 
to  be  considered,  TC  (terminal  couple)  and  TP  (three-point)  bending.  While  the> 
latter  case  is  more  accurately  descriptive  of  the  experimental  environment, 
the  former  has  the  advantage  that  periodic  boundary  conditions  can  be  used, 
permitting  use  of  a  smaller  model.  The  displacement  field  [4]  is  an  approxi¬ 
mation  based  on  the  Bernoull i -Euler  theory  of  TC  bending  (16,17).  The  same 
theory  is  valid  for  bending  by  TP  loading,  but  the  elastic  displacement  field 
must  be  modified  to  accommodate  the  boundary  conditions  of  vanishing  normal 
stress  at  the  specimen  ends  (18).  The  displacements  for  TP  bending  of  a  beam 
with  length  L  are 

^^1  =  -  -  »'l)/Ro'- 


u^  =  r,'(3L/2  -  r^)/3RoL 


[5 


in  which  the  radius  of  curvature  Rq  is  that  at  the  center  of  the  bent 


beam. 


TC  and  TP  bending  can  be  contrasted  by  comparing  the  maximum  developed 
tensile  stresses.  Consider  a  beam  with  the  geometry  shown  in  fig.  2(c),  i.e. 
of  length  L  and  thickness  t,  deflected  centrally  through  a  distance  d  either 
by  couples  M  (TC  loads,  fig.  2(a))  or  by  TP  loads  F  (fig.  2(b)).  The  thickness 
of  the  specimen  normal  to  the  plane  of  the  figure  will  be  denoted  by  w.  For 
TC  bending,  the  stored  elastic  energy  W  and  maximum  developed  tensile  stress 
are  given  in  terms  of  the  deflection  d  by 


U 


=  S.wEt^d^ 
3  “F 


He 


[6 


a 


m 


4.Et.d 

F 


[7 


where  E  is  Young's  modulus  and  d  is  half  the  angle  of  arc  into  which 
the  beam  is  bent.  The  moment  can  be  estimated  directly  by  numerically 
integrating  the  stress  moments  of  the  particles  at  the  cud  surfaces  of  the 
specimen.  An  alternative  is  to  calculate  the  moment  using  [6],  from  the  stored 
energy  and  the  known  angle  of  bending. 

For  TP  loading,  the  expressions  analogous  to  [6]  and  [7]  are 


W  =  2.wEt^d^  =  Fd  [8 

“F  2 

a  =  e.Et.d  [9 

m  p 

The  expressions  [6-9]  follow  directly  from  Bernoul 1 i -Euler  bending 
theory;  the  energy  [6,8]  and  stress  [7,9]  equations  differ  only  in  the 
numerical  factors,  because  of  the  different  loading  conditions. 
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For  the  bending  simulations,  a  2D  model  of  150  x  32  particles  was 
used.  Results  will  be  given  for  a  deflection  of  0.045a,  which  for  TC  bending 
would  correspond  to  a  maximum  stress  [12]  of  31.6MPa  or  2.25xlO'^E  in  terms  of 
the  model  Young's  modulus,  within  the  linear  regime.  For  TP  bending  the  full 
model  was  allowed  to  relax.  For  the  TC  case,  periodic  boundary  conditions 
were  used  and  only  a  central,  periodic  region  of  25  x  32  particles  was 
relaxed.  The  values  of  maximum  stress,  stored  elastic  energy  and  applied 
moment  or  load  are  summarized  in  Table  I  for  both  TC  and  TP  bending.  The  row 
labelled  BE  contains  values  calculated  from  the  Bemoulli-Euler  equations 
[6-9],  while  the  numbers  in  the  row  marked  NM  have  been  calculated  from  the 
relaxed  numerical  model. 

For  TC  bending,  the  energies  and  stresses  are  the  same  as  the  NM  values 
within  the  accuracy  of  the  model.  For  TP  bending,  on  the  other  hand,  the 
numerical  values  for  load,  maximum  stress  and  elastic  energy  are  each  about 
20%  lower  than  predicted  by  BE  theory.  To  understand  the  reason  for  this 
discrepancy  it  is  necessary  to  examine  the  longitudinal  displacement  fields, 
in  which  most  of  the  energy  is  stored.  These  are  shown  in  fig.  3  for  =  t/2 
(i.e  the  tensile  edge),  as  a  function  of  position  along  the  half-length  of  the 
beam  (the  left  and  right  ends  of  the  abscissa  in  fig.  3  correspond 
respectively  to  the  center  and  one  end  of  the  beam).  All  displacements  have 
been  normalised  to  the  maximum  value  of  Lt/4R  (see  [4])  expected  for  TC 
bending.  The  straight  line  in  fig.  3  shows  the  longitudinal  displacement 
variation  for  the  TC-bent  beam,  for  reference;  there  is  no  distinction  between 
theory  [4]  and  the  numerical  model  in  this  case.  The  dash-dot  and  dashed 

curves  in  fig.  3  show,  respectively,  the  theoretical  [5]  and  numerical  model 

# 

displacements  for  TP  bending.  Both  of  these  curves  rise  more  sharply  than  the 
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TC  line  close  to  the  beam  center,  because  the  central  curvature  is  larger  for 
TP  than  for  TC  bending,  then  drop  below  the  TC  line  towards  the  end  of  the 
beam  due  to  the  absence  there  of  normal  loading.  The  displacements  for  the 
numerical  model  are  consistently  less  than  the  Bernoull i -Euler  theoretical 
values,  by  about  20%  at  the  center,  dropping  to  about  9%  less  at  the  end,  of 
the  beam.  This  accounts  for  the  lower  maximum  stress,  since  this  is  determined 
solely  by  the  conditions  at  the  center  of  the  bar.  Whether  or  not  this  reduced 
tensile  stress  is  observable  experimentally  is  uncertain.  The  calculations 
were  performed  on  the  assumption  that  the  anvil -specimen  contacts  are 
frictionless.  Any  resistance  to  sliding  at  these  points  would  inhibit 
longitudinal  displacements  at  the  surface  and  thereby  reduce  the  deviations 
from  B-E  theory. 

The  modelled  ratio  of  load  to  maximum  stress  remains  the  same  as  in 
BE  theory,  confirming  that  for  the  central  region  of  the  bent  specimen,  which 
is  the  region  of  principal  interest  for  ceramic  fracture,  BE  elastic  theory 
is  applicable.  This  also  suggests  that  the  TC  model,  with  its  associated 
reduced  computational  needs,  is  an  adequate  approximation  for  fracture 
studies . 

Tensile  and  compressive  stress  levels  for  a  TP  bent  specimen  are  shown 

in  fig.  4  as  contours  of  constant  stress;  the  values  in  both  diagrams  have 

been  normalised  to  the  maximum  BE  stress,  with  contour  levels  spaced  at 

intervals  of  0.2  of  this  reference  figure.  The  minor  irregularities  in  the 

contour  plots  in  both  figs.  4  and  5  are  due  to  the  approximations  involved  in 

numerical  interpolation.  Figs.  4(a)  and  (b),  respectively,  show  the  BE  and  NM 

tensile  stresses.  The  analogous  plots  for  T€  bending  would  simply  show  a  set 

0 

of  horizorttal  lines  (to  be  precise,  the  contours  would  be  circular  arcs,  but 
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the  curvature  would  not  be  visible  in  the  diagram).  There  is  little  difference 
between  the  two  diagrams,  except  in  the  magnitude  of  the  levels  and  at  the 
ends  of  the  beam,  where  the  loading  details  become  dominant  (22).  The  stress 
components  other  than  the  tensile  stress  parallel  to  the  length  of  the  model 
are  small  for  both  BE  and  NM  cases.  For  the  BE  approximation,  the  only  other 
significant,  component  is<^i2>  with  maximum  magnitude  about  5%  of  the  maximum 
tensile  stress.  In  the  NM  case,  ^12  shear  stresses  of  magnitude  up  to  10%  of 
the  maximum  tensile  stress  are  present,  together  withd^2  tensile  or  compres¬ 
sive  stresses  up  to  30%  of  the  maximum  longitudinal  stress  in  the  immediate 
neighborhood  of  the  anvil  contacts. 

The  effect  of  introducing  a  void  into  the  bent  beam  is  illustrated  in 
fig.  5,  which  shows  stress  contour  plots  for  the  TP  bent  specimen  of  fig.  4(b) 
with  an  enclosed  void  of  dimensions  19  x  8  particles,  positioned  centrally 
lengthwise  and  close  to  the  tensile  surface.  The  full  specimen  is  shown  in 
fig.  5(a);  in  order  to  better  resolve  the  detail  around  the  void,  the  area 
outlined  with  broken  lines  in  fig.  5(a)  is  magnified  and  displayed  in  fig. 
5(b).  The  principal  change  in  the  tensile  stress  field  involves  shifts  in  the 
contours,  conforming  to  the  added  boundary  conditions  of  vanishing  stress 
normal  to  the  void  surfaces.  Noticeable  is  that  the  stress  contours  bulge  in 
the  region  over  the  cavity,  containing  a  small  closed-contour  area  of  enhanced 
stress.  The  contours  can  also  be  seen  to  be  more  densely  packed  immediately 
below  the  void. 

The  void  in  fig.  5  has  relatively  sharp  corners  and  it  is  natural  to 
inquire  whether  the  numerical  model  develops  stress  concentrations  at  these 
corners.  No  such  features  are  deti^ctable  at  the  resolution  of  figs.  5(a)  and 
(b),  but-  detailed  examination  of  the  particle  stresses  shows  that  the  stress 


at  the  upper  corners  of  the  void  is  about  10%  larger  than  the  stress  at  the 
center  of  the  top  edge  of  the  void.  At  the  bottom  of  the  void  the  stress 
enhancement  at  the  corners,  defined  in  the  same  way,  is  smaller,  with  a 
magnitude  of  only  2%.  This  lower  result  is  due  to  the  overriding 
stress-concentrating  effect  of  the  narrow  channel  below  the  void;  for  the  same 
void  centered  in  a  model  stressed  in  uniaxial  tension,  the  corner  stress 
enhancement  is  10%  at  each  of  the  four  corners. 

3.2  Fracture  in  Uniaxial  Stress 

With  the  present  technique  it  is  not  possible  to  model  cracks  with  a 
tip  radius  smaller  than  about  half  the  lattice  spacing  a.  If  a  is  considered 
to  have  grain-sized  dimensions,  cracks  are  intrinsically  blunt,  but  this  is 
not  necessarily  a  disadvantage.  In  a  real  polycrystalline  ceramic  there  will 
be  flaws  with  dimensions  ranging  from  the  atomic,  "microcrack"  level  to  a 
grain-sized  scale  and  larger.  Confinement  of  crack  propagation  to 
intergranular  paths  suggests  that  pre-existent  microcracks  within  grains  do 
not  control  failure.  Rather  it  is  proposed  that  stress  concentrations  at  the 
tips  of  larger-scale  "macrocrack"  flaws,  in  the  grain  boundaries,  act  locally 
to  enhance  microcrack  stresses  and  thereby  cause  failure  by  a  cascade  process. 
Nucleation  and  propagation  of  such  macrocracks  will  be  the  subject  of  this 
section. 

Consider  first  the  case  of  a  uniform,  uniaxial  applied  stress  oriented 

parallel  to  one  of  the  primitive  vectors  of  the  lattice,  as  shown  in  fig. 

6{a).  Tensile  failure  of  the  Lennard-Jones  model  occurs  at  an  applied  stress 

of  228MPa.  This  value,  which  will  be  called  the  cleavage  or  intrinsic  fracture 

0 

stress,  is  equal -to  the  strength  of  a  single  bond  for  this  particularly  simple 
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case,  as  can  be  seen  from  the  following  argument.  Fig.  6(a)  shows  the  particle 
bonding  scheme.  The  reference  particle  A  is  bonded  to  the  six  particles 
labelled  B-G.  Because  each  bond  is  shared  by  two  particles,  the  binding  of 
particle  A  can  be  considered  due  only  to  the  three  bonds  AB,  AC  and  AO.  For 
a  stress  directed  as  shown,  only  the  bond  AC  resists  the  pull,  because  the 
lengthening  of  the  bonds  AB  and  AO  due  to  the  horizontal  extension  is  exactly 
cancelled  by  the  vertical  Poisson  contraction  (a  consequence  of  the  60°  angles 
and  Poisson's  ratio  =  1/3  of  the  triangular  lattice  geometry).  Hence  the  model 
fails  when  the  applied  stress  reaches  the  strength  of  the  AC  bond. 

Next  consider  the  same  stress  applied  to  a  Lennard-Jones  model  with 
an  embryo  macrocrack  introduced  by  breaking  a  single  bond  on  one  stressed  edge 
of  the  model.  The  initial  state  is  depicted  in  fig.  6(b),  which  shows  a  small 
portion  of  the  particle  lattice,  with  the  broken  bond  indicated  by  the  absence 
of  a  bonding  line.  This  model  begins  to  fail  at  a  level  of  190  ±  IBMpa,  about 
15%  lower  than  in  the  case  of  a  virgin  sample.  The  resulting  crack  propagates 
throughout  the  model  without  the  need  for  further  increase  in  the  applied 
stress.  This  suggests  that  the  stress  required  for  crack  propagation  is  less 
than  the  cleavage  stress,  presumably  due  to  stress  concentrations  at  the  crack 
tip.  In  fact  the  stress  at  the  tip  of  the  embryo  crack  just  prior  to  fracture 
is  270  ±  15MPa,  not  only  larger  than  the  applied  stress  but  also  substantial¬ 
ly  larger  than  the  cleavage  strength.  The  particle  lattice  can  support  this 
larger  stress  locally  because  when  the  deformation  is  inhomogeneous,  as  is  the 
case  at  the  crack  tip,  the  balance  between  tensile  extension  and  Poisson 
contraction  discussed  above  is  no  longer  operational  (due  to  loss  of 
triangular  synmetry)  and  additional  bonds  resist  the  external  forces.  The  same 
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behavior  is  found  for  the  biquadratic  potential,  though  at  different  stress 
levels  due  to  the  different  non-linear  properties. 

It  is  worthwhile  to  look  in  more  detail  at  the  micromechanics  of 
failure  in  the  model.  In  the  stress-free  state,  all  bonds  in  the  model  of  fig. 
6(a)  have  a  length  equal  to  the  lattice  constant  a,  for  which  the  potential 
function  is  a  minimum  as  shown  in  fig.  1.  When  a  horizontal  tensile  stress 
(fig.  6(a))  is  applied,  the  parallel  bonds  increase  in  length  and  the  bond 
energies  increase,  as  can  be  seen  from  the  potential  curve  in  fig.  1.  At  the 
same  time  the  Young's  modulus,  which  is  proportional  to  the  second  derivative 
of  the  potential,  decreases.  With  continued  increase  in  bond  length  this 
modulus  will  decrease  to  zero,  leading  to  an  instability  towards  a  homogeneous 
increase  in  length  of  all  the  horizontal  bonds. 

This  mechanism  alone  clearly  does  not  model  the  essential 
inhomogeneity  of  fracture  in  real  materials.  However,  consideration  of  the 
vibrational  properties  of  the  strained  lattice  shows  that  as  the  bonds 
lengthen  beyond  the  Young's  modulus  instability,  but  before  the  fracture 
criterion  (r  =  r^.)  is  reached,  a  dynamic  instability  intervenes,  in  which 
alternate  horizontal  bonds  undergo  opposite  changes  in  length.  For  example, 
in  the  sequence  of  particles  F-A-C  in  fig.  6(a),  the  bonds  FA  and  AC  will 
increase  and  decrease  in  length,  respectively,  with  the  total  length  FC 
remaining  constant;  a  decrease  in  internal  energy  accompanies  these  changes. 
More  generally,  while  the  average  particle  spacing  remains  the  same,  a 
lowering  of  energy  can  be  realised  by  increasing  the  length  of  one  critical 
bond  at  the  expense  of  a  decrease  in  length  of  the  remainder. 

This  dynamic  instability  signals  the  onset  of  inhomo-geneity,  and 
represents  the  model  analog  of  a  crack  nucleus.  Howfever,  free  surfaces  have 
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not  yet  been  formed  and  propagation  does  not  necessarily  occur.  Further  energy 
roust  be  supplied  before  a  critical  bond  can  extend  to  meet  the  'broken' 
criterion.  As  noted  above,  the  lengthening  critical  bond  receives  energy  from 
the  shrinkage  of  other  bonds  in  the  model.  How  much  of  this  energy  can  be 
transferred,  and  whether  or  not  it  is  sufficient  to  complete  the  fracture 
process,  determine  whether  the  crack  can  propagate.  Without  this  energy 
transfer  mechanism  or  some  extrinsic  source  of  energy,  fracture  cannot 
proceed . 

It  is  now  possible  to  rationalise  the  interplay  of  cleavage  stress  and 
surface  energy  in  the  model.  For  a  notched  specimen,  dynamic  instability  will 
first  occur  at  the  tip  of  the  notch  where  the  deformation  is  largest.  One  bond 
will  begin  to  extend,  drawing  energy  from  the  contraction  of  neighboring 
bonds.  Provided  that  sufficient  energy  can  be  extracted,  the  process  will 
continue  until  the  bond  length  exceeds  the  critical  fracture  length;  new 
surface  will  then  have  been  formed  and  fracture  will  be  complete.  The  same 
physical  state  which  existed  at  the  crack  tip  prior  to  fracture  will  then  be 
reproduced,  advanced  by  a  distance  of  one  particle  spacing,  so  that 
propagation  will  continue.  If  the  energy  available  is  insufficient  to  stretch 
the  extended  bond  to  the  critical  fracture  distance,  then  despite  the  presence 
of  the  instability  the  crack  will  not  propagate  until  additional  energy  is 
supplied.  In  other  words,  although  a  crack  has  been  nucleated,  it  is  stable 
against  propagation. 

We  have  also  calculated  the  stress  enhancement  at  the  tip  of  a 
macrocrack  as  a  function  of  the  crack  length  for  cracks  of  length  varying  from 

a  to  5a,  inserted  normal  (or  as  closely  normal  as  possible)  to  the  stress 

« 

direction  in  one  edge  of  the  specimen.  The  expected  stress  enhancement  for 
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a  sharp  crack  (i.e.  one  for  which  the  length  is  much  larger  than  the  tip 
radius)  in  a  continuum  (e.g.  18)  is 

(Oj  -  a)/a  =1.12  (c/2r)°  ^  [10 

where  o^  is  the  stress  at  the  crack  tip,  a  the  applied  stress,  c 
the  crack  length  and  r  the  crack  tip  radius.  The  value  of  (a^  -  a)/a 
calculated  from  the  model  is  shown  in  a  logarithmic  plot  against  c  in  fig,  7. 
The  calculated  dependence  is  roughly  linear;  the  ln(c)  =  0  intercept  of  the 
straight  line  with  slope  0.5  drawn  in  fig.  7  suggests  an  effective  crack  tip 
radius  of  0.56a,  quite  consistent  with  the  geometry  of  the  model  (fig. 
6(b)).  Bearing  in  mind  that  the  length  to  tip  radius  ratio  of  the  modelled 
macrocrack  does  not  approach  the  limiting  values  required  for  validity  of 
[10],  the  agreement  is  reasonable  and  demonstrates  that  macrocracks  share  the 
stress  concentrating  capability  of  sharp  microcracks. 

4.  Summary  and  Discussion 

An  interacting  particle  computer  modelling  technique  for  the  study 
of  deformation  and  fracture  processes  in  polycrystalline  ceramics  has  been 
described.  The  method  is  intrinsically  capable  of  accounting  for  non-linear¬ 
ity  and  for  the  extremes  of  deformation  encountered  in  fracture. 

The  method  has  been  used  to  model  bending  of  homogeneous  ceramics. 
For  the  case  of  bending  by  terminal  couples,  the  deformed  model  agrees  closely 
with  the  Bernoul 1 i -Euler  theory.  For  three-point  bending,  however,  the 
maximum  tensile  stress  and  load  in  the  numerical  model  are  found  to  be  about 
20%  lower  than  predicted  by  the  theory.  This  discrepancy  is  traceable  to 
reduced  tensile  displacements  in  the  numerical  model,  a  result  of  boundary 

t 

conditions  more  accurately  descriptive  of  the  experimental  environment. 


The  effect  of  an  isolated  rectilinear  void  on  the  stress  distributi^'n 
in  three-point  bending  has  been  considered.  The  principal  changes  in  the 
internal  stress  field  are  consistent  with  the  boundary  conditions  of  no  load 
normal  to  the  surfaces  of  the  void  and  the  channeling  of  isostress  contours 
around  the  void  to  maintain  elastic  equilibrium. 

Fracture  by  nucleation  and  propagation  of  macrocracks  (i.e.  cracks 
with  tip  radii  of  the  same  order  as  the  model  lattice  constant)  has  been 
modelled  in  perfect  and  notched  homogeneous  ceramic  specimens.  For  notched 
fracture,  crack  propagation  begins  and  continues  at  a  stress  about  15%  lower 
than  the  cleavage  stress.  The  stress  at  the  tip  of  the  notch  just  before  crack 
initiation  reaches  a  level  some  20%  higher  than  the  cleavage  stress,  due  to 
the  presence  of  inhomogeneous  deformation  at  the  notch  tip.  This  variation  in 
the  critical  stress  required  for  failure  has  its  origin  in  the  micromechanics 
of  the  model.  Two  criteria  must  be  satisfied  for  fracture  to  occur.  First,  at 
least  one  bond  must  be  stretched  to  a  critical,  unstable  level,  which  requires 
a  local  stress  which  dependent  on  the  bond  environment.  Secondly,  enough 
energy  must  be  available  to  permit  the  instability  to  proceed  to  bond 
breakage. 

The  stress  concentration  at  the  tip  of  a  macrocrack  has  been  modelled  as 
a  function  of  crack  length.  Even  for  short,  blunt  cracks,  the  results  are  in 
fair  agreement  with  the  predictions  of  continuum  elasticity  for  sharp  cracks. 
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TABLE  I 


The  load,  maximum  developed  stress  and  elastic  stored  energy  in  bars 
deformed  by  terminal  couples  and  by  three-point  bending  to  a  central 
deflection  of  SxlO'^L  (fig^  2(c)).  Values  are  shown  for  the  Bernoulli-Euler 
theory  (BE)  and  for  the  numerical  model  (NM). 


Couple 

bending 


Three-point 
bend i og 


moment 

max.  stress 

energy 

load 

max.  stress 

energy 

|jN-m 

MPa 

nJ 

mN 

MPa 

nJ 

BE 

6.75 

31.6 

8.1 

21.4 

47.5 

6.1 

NM 

6.70 

30.5 

8.1 

17.9 

37.7 

5.1 

Figure  Captions 


Fig.  1  The  interparticle  potential  \/{r)  as  a  function  of  the  interparticle 
spacing.  The  cutoff  radius  r^.  is  shown. 

Fig.  2  (a)  Schematic  diagram  of  a  beam  bent  by  terminal  couples  M.  Axes  and 
sense  of  deflection  are  indicated,  (b)  Schematic  diagram  of  a  beam  bent  by 
three-point  loading.  The  loads  F  and  reference  axes  are  shown,  (c)  Definitions 
of  length  L,  thickness  t  and  deflection  d  for  a  general  bent  beam. 

Fig.  3  The  longitudinal  displacement  (in  units  of  the  maximum  TC 
displacement  u^^)  ’n  a  bent  beam  as  a  function  of  position  in  units  of  the 
beam  length  (with  center  as  origin).  The  straight  line  shows  the  variation  for 
Bernoull i -Euler  and  numerical  TC  bending.  The  dash-dot  and  dashed  curves  show, 
respectively,  displacements  for  Bernoulli-Euler  and  numerical  TP  bending. 

Fig.  4  Contours  of  constant  tensile  stress  for  a  beam  deformed  by  three-point 
bending  in  (a)  the  Bernoulli-Euler  e''astic  approximation  and  (b)  the  numerical 
approximation.  All  stresses  are  normalised  to  the  maximum  tensile  stress  in 
the  Bernoulli-Euler  model. 

Fig.  5  Contours  of  constant  tensile  stress  around  an  isolated  void  in  a  beam 
deformed  by  three-point  bending.  The  diagram  (a)  shows  the  full  beam;  in  (b) 
is  shown  an  expanded  view  of  the  area  shown  in  dashed  outline  in  (a).  All 
stresses  are  normalised  to  the  maximum  tensile  stress  in  the  Bernoulli-Euler 


model . 


Fig.  6  (a)  Schematic  diagram  of  the  bonding  scheme  of  the  reference  particle 
A  to  the  six  neighboring  particles  B-G.  The  orientation  of  tensile  stress  for 
uniaxial  or  bending  deformation  is  shown,  (b)  Schematic  diagram  of  the 
triangular  lattice  showing  the  orientation  of  the  tensile  stress,  the  location 
of  the  broken  bond  and  the  fracture  path  for  notched  fracture. 

Fig.  7  The  dependence  of  the  calculated  stress  enhancement/^-^at  a  crack 

tS~ 

tip  on  the  length  of  the  crack,  c. 
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ABSTRACT 


Computer  modelling  has  been  used  to  study  deformation  and  fracture 
in  two-dimensional  ceramics  containing  isolated  and  ordered  voids.  Factors 
governing  the  void-induced  changes  in  the  internal  stress  fields  are 
identified.  The  intervoid  regions  show  depleted  levels  of  elastic  energy 
density  and  are  effective  barriers  to  crack  movement.  Design  criteria  are 
suggested  both  to  minimise  the  intrinsic  stress  enhancement  and  to  reduce  the 
probability  of  surface  flaw  activation.  The  relevance  of  the  results  to  ex¬ 
perimental  data  is  discussed. 


1  Introduction 

Porosity  in  ceramic  materials  can  affect  physical  properties  such  as 
elastic  response,  tensile  strength  and  fracture  behavior  (1).  Stress 
concentrations  at  the  pore  surfaces,  due  either  to  the  shape  and  size  of  the 
individual  pores,  or  to  intergranular  and  transgranular  microcracks  at  the 
pore  surfaces,  are  believed  to  cause  degradation  of  the  fracture  strength.  For 
example,  regions  of  enhanced  stress  associated  with  irregular  voids  or  void 
clusters  can  reduce  the  fracture  strength  considerably  (1). 

The  relative  importance  of  the  size  and  surface  roughness  of  the  voids 
is  not  clear.  Kessler  et  al .  (2),  explaining  an  increase  in  fracture  energy 
with  grain  size  in  1%  porous  MgO,  suggested  that  for  the  smaller  grain  sizes, 
pores  at  grain  boundaries  were  small  and  sharp,  leading  to  large  stress 
concentrations.  For  coarser-grained  ceramics  the  pores  were  larger,  located 
within  the  grains  and  were  rounded,  leading  to  lower  stress  enhancement  and 
consequent  less  degradation  of  the  fracture  strength.  On  the  other  hand, 
Biswas  and  Fulrath  (3),  working  on  Nb  doped  lead  zirconate  titanate  (PZT)  with 
spherical  pores,  found  a  higher  fracture  strength  for  smaller  pores. 

The  effect  can  be  enhanced  by  deliberate  control  of  the  size,  shape, 
orientation  and  spatial  distribution  of  the  voids.  For  example,  Molnar  and 
Rice  (4)  found  that  in  lead  zirconate  titanate  (PZT)  ceramics  with  lenticular 
pores,  the  fracture  strength  in  three-point  bending  was  substantially  less 
when  the  long  axis  of  the  pores  was  normal  to  the  direction  of  the  primary 
tensile  stress  than  when  parallel.  Presumably  this  is  because  when  the  tensile 
stress  acts  normal  to  the  long  axis,  there  are  larger  stress  concentrations 

at  the  sharp  ends  of  the  needle-shaped  cavities.  Kahn  et  al.  (5)  showed  that 
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the  transducing  properties  of  PZT  for  hydrostatic  pressure  can  be  improved  by 
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the  introduction  of  ordered  arrays  of  disk-shaped  voids.  This  was  attributed 
to  the  cooperative  stress  concentrating  effect  of  the  void  arrays,  which 
enhances  the  piezoelectric  response  for  an  applied  stress  normal  to  the  disk 
plane  (6). 

Perhaps  the  most  comprehensive  study  of  the  effect  of  pores  on  the 
mechanical  strength  has  been  conducted  by  Kahn  et  al .  (7),  whose  studies  of 
PZT  with  controlled  voids  indicates  that  the  presence  of  void  arrays  can  have 
a  strong  influence  on  the  tensile  strength  and  fracture  toughness.  Three-point 
bending  was  used  to  test  PZT  samples  containing  ordered  arrays  of  disk-shaped 
voids.  Certain  specific  array  geometries  and  void  dimensions  were  found  to 
give  specimen  strengths  approaching  that  of  hot  pressed  PZT  (8),  suggesting 
a  suppression  of  the  usual  defect-induced  strength  decrement. 

In  an  endeavor  to  understand  the  effect  on  mechanical  properties  of 
pores  in  general  and  of  the  ordered  void  arrays  used  in  (7)  in  particular,  we 
have  used  computer  simulation  to  examine  the  internal  stress  profiles  and 
fracture  properties  of  numerical  models  with  ceramic  characteristics  (i.e. 
brittleness).  Most  of  the  work  will  be  confined  to  two  dimensions  (2D), 
because  of  numerical  convenience  and  because  the  principal  effects  can  be 
demonstrated  more  clearly  in  2D  systems. 

2  Numerical  Details 

We  use  a  particle  dynamic  model,  described  earlier  (9),  consisting  of 
material  points  arranged  in  a  triangular  lattice  with  lattice  constant  a.  The 
particles  are  bound  by  a  central  pair  potential  VdiiJ),  where  r,j  is  the 
relative  position  vector  of  the  particles  i  and  j.  The  form  of  V(r)  is  chosen 
to  match  the  elaistic  properties  of  the  modelled  material  for  small  defer- 
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matlons. 

If  we  write  the  positional  coordinates  r^  as  dimensionless  multiples  /), 
of  the  scale  constant  a,  then  a  change  of  scale  from  a  to  ka  results  in  the 
identities 


V(p,lta)  =  V(p,a) 

Sip,ka)  =  k'H(p,a) 
i(ka)  =  if^E(a) 

where  S(r)  and  E{a)  are  the  stress  and  Young's  modulus,  respectively.  Thus  for 
a  given  potential  function,  the  energies  and  the  dimensionless  stresses  S/E 
are  independent  of  the  absolute  magnitude  of  a;  in  other  words,  these 
quantities  are  scale- invariant. 

For  comparison  with  experiment  it  will  be  convenient  at  times  to  attach 
a  magnitude  and  a  physical  meaning  to  the  scale  constant  a.  For  example,  one 
specific  aim  is  to  address  the  experiments  described  in  (7),  which  deal  with 
fine-grained  {4pm)  polycrystalline  PZT  ceramics  containing  disk-shaped  voids 
with  typical  thickness  and  diameter  of  order  10pm  and  250pm,  respectively.  In 
this  case  a  should  be  considered  to  have  a  size  small  enough  to  model  the 
minimum  void  dimension;  a  convenient  size  is  about  10pm.  The  model  particles 
would  then  each  contain  a  few  crystal  grains  and  the  interparticle  forces 
would  be  interpreted  as  intergranular  interactions. 

Treatment  of  fracture  modelling  requires  more  careful  consideration.  The 
criterion  for  decohesion,  or  cracking,  of  a  bond  (9)  is  that  the  interparticle 
separation  pa  must  exceed  a  critical  value  p^a;  a  modelled  crack  tip  is 

4 

limited  to  a  diameter  of  order  a.  Therefore  if  a  is  considered  to  be  of 
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granular  dimensions,  cracks  on  this  scale  would  have  a  commensurate  tip 
radius,  much  larger  than  the  near-atomic  size  normally  expected  for  failure 
cracks  in  ceramics.  The  stress  concentrations  at  the  crack  tip  are  not 
similarly  limited,  because  these  depend  only  upon  the  ratio  of  the  tip  and 
length  dimensions. 

This  problem  can  be  addressed  in  two  ways.  Either  we  can  consider  that 
the  fracture-controlling  cracks  do  indeed  have  granular  dimensions,  in  which 
case  the  model  can  directly  address  fracture  on  the  experimental  scale,  or  we 
can  assign  a  much  smaller  value  to  a,  one  appropriate  to  an  atomic-sized 
crack,  in  which  case  the  modelled  voids  will  have  dimensions  much  smaller  than 
those  in  (7).  The  calculation  is  the  same  in  both  cases;  the  problem  is  one 
of  interpretation.  Our  aim  will  be  to  use  the  model  to  derive  principles  which 
are  generally  valid,  independent  of  the  scale. 

Standard  molecular  dynamic  numerical  algorithms  are  used  (9). 

3  Stress  Distributions 

The  stress  distributions  in  2D  sections  of  ceramic  models  containing 
isolated  voids  and  ordered  void  arrays  have  been  calculated  for  deformation 
by  uniaxial  stress  and  by  bending.  The  mechanisms  are  the  same  in  both  cases, 
but  the  results  are  more  clearly  demonstrated  by  reference  to  the  simpler, 
uniaxially  stressed  state. 

Comparisons  between  different  configurations  wilt  be  made  at  constant 

strain.  This  implies  different  applied  stresses,  since  the  effective  Young's 

modulus  will  vary  with  the  void  content,  but  constant  strain  conditions  are 

more  representative  of  the  conditions  in  a  bulk  cross-section.  Constant 

» 

uniaxial  strain  in  the  model  is  realised  by  applying  the  appropriate  elastic 
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displacements  and  then  preventing  the  particles  at  the  stressed  boundaries 
from  moving  in  the  direction  of  the  strain  axis. 

Fig.  la  shows  a  schematic  diagram  of  a  void  and  a  void  lattice  unit 
cell,  defining  the  void  length  x  and  height  y,  together  with  the  associated 
intervoid  spacings  u  and  v,  parallel  to  x  and  y  respectively.  The  cell 
dimensions  X  and  Y  are  also  indicated.  The  tensile  stress  direction  in  all 
figures  will  be  in  the  horizontal  direction,  parallel  to  the  X  dimension  of 
the  unit  cell  as  shown  in  fig.  la. 

3.1  Isolated  Voids 

Calculations  of  the  stress  distribution  around  isolated  voids  of  various 
sizes  have  been  performed  for  voids  centered  within  a  single  cell  of  50(X)  x 
32(Y)  particles.  The  results  are  detailed  in  Table  I,  which  details  the 
stresses  (in  units  of  the  applied  stress)  at  the  points  A  and  B  specified  in 
fig.  la.  These  are,  respectively,  the  void  corner  and  the  center  of  the  edge 
parallel  to  the  applied  stress. 

Four  distinct  sources  of  internal  stress  modulation  are  identifiable  and 
will  be  discussed  in  turn. 

(a)  Corner  Effect.  The  sharpness  of  the  modelled  void  corners  is  a  source  of 
stress  concentration.  Fig.  lb  illustrates  the  triangular  lattice  particle 
stacking  around  a  void.  The  particles  are  shown  as  filled  circles;  lines 
between  the  circles  represent  interparticle  bonds.  The  void  is  shown  in  dashed 
outline.  It  is  clear  that  the  corner  sharpness  is  determined  simply  by  the 
triangular  geometry  of  the  lattice.  By  St.  Venant's  principle  the  effect  of 

t 

the  corners  will  be  short-ranged  and  independent  of  the  shape  of  the  void. 
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Confirmation  of  the  shape- independence  of  the  corner  effect  is  provided  by  the 
observation  that  the  stresses  at  all  four  void  corners  are  the  same,  despite 
the  differences  in  micro-geometry  (compare,  for  example,  the  corners  P  and  Q 
in  fig.  lb) . 

(b)  Channelling  Effect.  This  effect  occurs  because  of  the  equilibrium 
condition  that  the  divergence  of  the  stress  must  vanish,  and  can  be  visualised 
most  easily  by  imagining  "lines  of  force"  (analogous  to  magnetic  flux  lines 
or  hydrodynamic  flow  lines)  which  can  end  only  at  points  of  loading.  The 
density  of  the  force  lines  specifies  the  stress.  In  the  presence  of  a  void 
the  lines  of  force  must  be  deflected  to  pass  around  the  void,  resulting  in  a 
higher  line  density  and  consequent  higher  stress  in  these  regions.  The  stress 
concentrating  factor  depends  primarily  on  the  dimension  of  the  void  normal  to 
the  applied  stress  direction.  The  stress  enhancement  is  largest  at  the  void 
corners  (location  A  in  fig.  la  and  column  A  in  Table  I)  and  drops  off  with 
increasing  distance  from  the  void.  Typically,  a  stress  enhancement  level  of 
greater  than  10%  extends  into  the  channel  to  a  distance  equal  to  the  height 
y  of  the  void.  Column  0  in  Table  I  shows  the  maximum  extent  of  the  10%  stress 
enhancement  for  each  void,  in  units  of  a  measured  normal  to  and  from  the  void 
edge  parallel  to  the  applied  stress.  Fig.  2a  shows  a  graphic  example  of  the 
channelling  effect,  using  two  voids  for  emphasis.  The  tensile  stresses  in 
figs.  2  and  3  are  represented  by  open  circles,  centered  on  the  particle 
positions,  with  radii  proportional  to  the  magnitude  of  the  local  stress. 

(c)  Shape  Effect.  The  action  of  the  external  stress  in  deforming  the  void 
causes  a  stress  concefitration  at  the  void  surfaces  parallel  to  the  stress 
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direction  (e.g.  the  point  B  in  fig.  la  and  column  B  in  Table  I),  as  shown 
Inglis  (10)  for  an  elliptical  void.  The  stress  enhancement  is  largest  when  the 
small  dimension  of  the  void  is  parallel  to  the  stress  direction  (cf.  Molnar 
and  Rice  (4))  and  increases  with  increasing  void  aspect  ratio  (y/x  in  fig. 
la).  Examples  are  shown  for  isolated  voids  in  the  diagrams  of  figs.  2b  and  2c, 
for  which  the  maximum  stresses  (partly  due  to  corner  and  channelling  effects 
also)  are,  respectively,  factors  of  1.95  and  1.15  larger  than  the  applied 
stress. 

(d)  Depletion  Effect.  The  boundary  conditions  at  internal  voids  require  that 
there  be  no  normal  stress  on  the  void  surfaces  (for  example,  at  the  points  C 
in  fig.  la).  For  uniaxial  stresses  this  means  that  there  is  a  region  of 
depleted  stresses  adjacent  to  the  void  surfaces  normal  to  the  applied  tensile 
stress.  An  example  can  be  seen  in  the  diagram  of  fig.  2b.  The  spatial  extent 
of  the  stress  depletion  depends  on  the  height  y  of  the  void  (compare  figs.  2b 
and  2c).  Typically,  stresses  are  depleted  below  50%  of  the  applied  stress  to 
a  distance  y  in  the  direction  of  the  applied  stress.  The  extent  of  this  50% 
depletion  zone,  measured  normal  to  the  unstressed  void  edge,  is  detailed  in 
column  E  of  Table  I. 

3.2  Void  Arrays 

The  effects  described  above  are  modified  when  multiple,  ordered  voids 
are  present.  For  ordering  normal  to  the  applied  stress  (i.e.  a  vertical  array 
of  voids  for  the  geometry  of  fig.  la)  the  changes  in  the  stress  fields  are  not 
very  important.  For  large  intervoid  spacings  v  (fig.  la)  the  internal  stresses 
are  given  to  a  good  approximation  by  linear  superposition  of  the  individual 
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void  stress  fields,  but  when  the  spacings  become  smaller  than  about  four  times 
the  void  height  y,  channelling  effects  are  amplified  (e.g.  fig.  2a). 

The  influence  of  ordering  parallel  to  the  applied  stress  is  more 
interesting.  For  closely-spaced  voids,  the  intervoid  spaces  (adjacent  to  the 
points  C  in  fig.  la)  can  be  nearly  stress-free,  due  to  overlap  of  the 
depletion  zones.  An  example  is  shown  in  fig.  3a.  This  implies  that  there  is 
little  elastic  energy  stored  in  these  regions;  as  will  be  seen  below,  this  is 
important  for  the  fracture  properties. 

The  depletion  effect  for  this  type  of  ordering  also  interacts  strongly 
with  the  shape  effect.  Stress  enhancement  due  to  the  shape  effect  requires 
there  to  be  a  tensile  stress  acting  on  the  void  edges  C  in  fig.  la.  The 
enhancement  is  reduced  when  the  stress  is  relieved,  as  happens  when  there  is 
an  array  of  voids  parallel  to  the  applied  stress.  Fig.  3b  shows  the  stress 
distribution  for  three  voids,  each  of  the  same  size  as  that  shown  in  fig.  2b, 
aligned  parallel  to  the  applied  stress.  The  stress  concentration  factor  for 
all  voids  in  fig.  3b  is  reduced.  For  the  two  outer  voids  the  reduction  is  from 
1.95  (fig.  2b)  to  1.75.  For  the  central  void,  which  is  'shielded'  on  both 
sides,  the  stress  concentration  factor  is  reduced  to  1.25. 

This  has  immediate  application  to  the  case  in  which  voids  ordered 
parallel  to  the  stress  direction  intersect  the  specimen  edge  (see  fig.  3c). 
The  depletion  effect  not  only  limits  the  stress  concentrations  at  the  upper 
ends  of  the  voids,  because  of  interaction  with  the  shape  effect,  but  also 
unloads  the  tensile  edge  of  the  specimen. 

We  have  also  modelled  the  stress  distributions  produced  by  three-point 
bending.  The  conclusions  are  unchanged,,  the  only  difference  being  the 
additional  complication  presented  by  the  tensile  stress  gradient  across  the 
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model . 

4  Fracture  Simulations. 

In  a  homogeneous  continuum,  when  a  crack  has  been  nucleated,  propagation 
can  continue  unchecked  because  the  crack  tip  fields,  which  by  definition  meet 
the  fracture  criteria,  are  invariant  to  translation.  However,  in  a  strongly 
inhomogeneous  material,  such  as  a  ceramic  void-array  composite,  the  process 
of  crack  propagation  is  largely  divorced  from  that  of  crack  nucleation.  In 
practical  terms,  this  means  that  crack  nucleation,  although  necessary,  is  not 
a  sufficient  condition  for  fracture  failure.  It  is  necessary  also  that  the 
crack  be  able  to  move  throughout  the  composite. 

We  have  modelled  bending  failure  by  fracture  for  several  void  sizes 
and  array  spacings,  considering  both  flaw-free  models  and  models  containing 
a  controlled  flaw  (accomplished  by  breaking  an  interparticle  bond,  as  for 
example  at  the  point  X  in  fig.  lb).  Bending  is  the  preferred  deformation  mode 
for  fracture  modelling  because  the  most  highly  stressed  regions,  expected  to 
be  the  source  of  crack  nucleation,  are  localised  at  the  tensile  surface.  Fig. 
3d  shows  a  schematic  diagram  of  part  of  a  bending  model.  The  diag’-am  is 
delimited  at  top  and  bottom  by  the  neutral  plane  and  tensile  'surface' 
respectively;  the  left  and  right  boundaries  define  a  single  translationally 
periodic  cell.  For  flaw-free  models  fracture  begins  always  at  the  location  of 
the  largest  tensile  stress,  either  at  the  surface  or  at  an  adjacent  void 
corner.  The  crack  moves  between  void  and  surface  and  is  arrested;  further 
propagation  proceeds  strictly  from  void  to  void,  requiring  a  load  increase  at 
each  renucleation  step  (e.g.  the  sequence  A  to  E  in  fig.  3d).  Only  when  the 
void  separation  u  (fig.  la)  is  very  large  does  crack  propagation  proceed 
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through  the  matrix  between  the  voids. 

The  preference  for  crack  propagation  to  proceed  by  this  void 
"unzipping"  mechanism  has  been  demonstrated  further  by  simulations  in  models 
with  an  induced,  surface  flaw  situated  at  the  tensile  surface  immediately 
below  a  void-free  column  (e.g.  the  location  Y  in  fig.  3d).  The  stress  at  the 
tip  of  the  flaw  is  enhanced  to  a  level  typically  15-20%  greater  than  the  most 
highly  stressed  void  corners,  but  crack  nucleation  still  occurs  preferentially 
at  the  void  corners  and  proceeds  by  the  same  unzipping  mechanism. 

The  reason  for  this  behavior  is  that  crack  propagation  between  voids  is 
strongly  inhibited  by  the  low  level  of  stored  elastic  energy  in  the  inter¬ 
void  regions  adjacent  to  C  in  fig.  la.  In  order  for  the  crack  to  propagate, 
a  virtual  movement  of  the  crack  tip  must  be  capable  of  releasing  enough  energy 
to  create  new  surfaces.  In  the  energy-depleted  areas  between  the  voids,  this 
condition  cannot  be  satisfied  and  the  crack  can  propagate  only  with 
difficulty.  Hence  the  preferred  crack  path  lies  through  the  voids.  This 
explanation  has  been  confirmed  by  using  different  interparticle  potentials, 
each  matching  the  same  elastic  properties,  but  with  different  surface 
energies.  In  models  with  lower  surface  energy,  cracks  can  more  readily 
penetrate  the  low-stress  intervoid  regions. 

This  property  of  fracture  inhibition  is  of  particular  significance  for 
composites  in  which  the  void  arrays  intersect  the  surface.  The  combination  of 
deactivated  surface  flaws  and  inhibition  of  crack  propagation  should  afford 
exceptional  resistance  to  fracture  failure. 

We  now  return  to  the  question  of  scale.  As  already  noted,  we  cannot 

model  microscopic  cracks  in  a  macroscopic  void  array.  However,  the  conclusion 

0 

that  crack  propagation  through  regions  with  low  stored  elastic  energy  is 
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inhibited  is  quite  general  and  independent  of  the  relative  sizes  of  crack  tip 
and  void. 

5.  Summary  and  Discussion 

The  stress  distributions  in  2D  ceramic  models  containing  isolated  and 
ordered  voids  have  been  calculated.  Specific  mechanisms  leading  to  stress 
concentration  and  stress  depletion  have  been  identified.  The  overall 
conclusion  is  that  stress  concentrations  cannot  be  avoided,  but  can  be 
minimised  by  the  judicious  choice  of  void  and  array  dimensions.  Specifically, 
the  void  array  spacings  should  be  large  in  the  direction  normal  to  the  applied 
tensile  stress,  to  minimise  channelling  effects,  and  small  in  the  parallel 
direction,  to  maximise  stress  depletion  and  reduce  shape-induced 
concentrations.  Particularly  notable  is  the  effect  of  void  arrays  which 
Intersect  the  surface;  in  addition  to  the  effects  above,  the  surface  is 
unloaded.  This  is  of  particular  significance  for  ceramic  devices,  since  common 
sources  of  mechanical  weakness  are  surface  flaws  produced  by  machining. 

We  have  performed  some  preliminary  calculations  for  bulk  (30)  models 
containing  disk-shaped  voids;  these  suggest  that  the  mechanisms  are  the  same, 
but  that  the  stress  concentrating  effects  are  reduced. 

Fracture  in  2D  has  also  been  modelled.  It  is  found  that  cracks  nucleate 
preferentially  at  void  corners  and  proceed  from  void  to  void.  Movement  of 
cracks  through  the  stress-depleted  regions  is  severely  inhibited  because  of 
their  low  levels  of  stored  elastic  energy. 

These  results  suggest  that  there  are  sound  micromechanical  reasons  for 
the  strengthening  effects  found  In  the  experimental  work  of  Kahn  et.  al  (7), 
and  suggest  further  avenues  along  which  the  phenomenon  could  be  pursued 


systeMtically 
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Table  I 

The  magnitude  and  range  of  internal  stress  concentrations  in  a  model  of  size 
50  X  32  particles  containing  isolated  voids.  The  void  size  is  quoted  in 
particle  units.  Columns  A  and  B  show  the  internal  stresses  (in  units  of  the 
applied  stress)  at  the  corner  and  at  the  upper  edge  center  of  the  void  (see 
fig.  1).  Column  0  gives  the  distance  from  the  void  (in  units  of  a)  within 
which  there  is  a  channelling  stress  enhancement  of  at  least  10%  normal  to  the 
stress  direction.  Column  E  gives  the  analogous  distance  for  a  stress  depletion 
of  at  least  50%  parallel  to  the  stress  direction. 


Void 

Size 

A 

B 

0 

E 

6  X 

4 

1.55 

1.45 

4.4 

3.0 

12  X 

8 

1.75 

1.45 

6.1 

6.0 

18  X 

12 

1.65 

1.35 

5.2 

10.0 

12  X 

2 

1.25 

1.15 

2.6 

2.0 

12  X 

4 

1.45 

1.25 

4.4 

3.0 

12  X 

12 

1.85 

1.55 

5.2 

11.0 

8  X 

12 

1.95 

1.65 

5.2 

10.0 

4  X 

12 

2.15 

1.95 

5.2 

9.0 

2  X 

12 

2.25 

2.25 

5.2 

9.0 
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Figure  Captions 

Fig.  1.  (a)  Void  and  void  array  dimensions  are  defined.  Voids  are  drawn  with 
solid  lines  and  the  void  array  unit  cell  is  shown  in  broken  outline.  The 
applied  stress  acts  parallel  to  the  horizontal  (X)  direction,  (b)  Void  corner 
geometry  in  the  triangular  lattice.  Filled  circles  mark  particle  positions  and 
full  lines  show  interparticle  bonds.  A  void  is  shown  in  broken  outline.  The 
arrow  labelled  X  indicates  a  broken  bond. 

Fig.  2.  Illustration  of  the  channelling  (a)  and  shape  (b),  (c)  effects. 
Tensile  stresses  are  represented  by  circles  centered  on  the  particle 
positions,  with  radii  proportional  to  the  magnitude  of  the  stress. 

Fig.  3.  Illustration  of  the  depletion  effect  (a)  and  the  interaction  of  the 
depletion  effect  with  the  shape  effect  (b).  Surface  unloading  is  shown  in  (c). 
(d)  shows  a  section  of  a  bent  specimen,  with  a  typical  fracture  path  indicated 
by  the  sequence  A-E.  Y  marks  a  surface  location  lying  below  a  void-free 
column. 
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APPENDIX  IV 


The  Interaction  of  Dislocations  with  Coherent  Inclusions 
I.  Edge  Dislocations  and  Repulsive  Obstacles 

by 

M.S.  Duesbery*,  N.  Louat*  and  K.  Sadananda 

Naval  Research  Laboratory,  Washington  D.C  20350 

Abstract 

The  passage  of  an  edge  dislocation  through  an  array  of  repulsive,  coherent 
obstacles  is  simulated  for  several  obstacle  sizes,  array  dimensions  and  misfit 
values,  using  computer  techniques  adapted  from  molecular  dynamic  methods.  For 
small  misfit  values  bypass  occurs  by  intersection  of  the  obstacle  and  the 
bypass  stress  increases  rapidly  with  the  misfit.  Above  a  critical  misfit 
value,  which  varies  with  the  size  and  separation  of  the  obstacles,  the  bypass 
mechanism  changes  to  Orowan  loop  formation;  the  passing  stress  continues  to 
increase  with  misfit,  but  at  a  lower  rate.  It  is  found  that  there  are  two 
principal  consequences  of  the  obstacle  stress  field.  Dipole-enhancing  effects 
lead  to  a  reduction  in  the  breaking  angle  to  between  40"’  and  /O  trom  the 
near-90°  expecteci  for  impenetrable  obstacles,  with  a  corr.;^ spend i ng  decrease 
in  the  bypass  stress.  However,  the  coherency  stresses  also  rrnoroa I i se  the 
obstacle  geometry  to  increase  their  effectiveness  as  barriers  to  dislocation 
mot i on . 

*  On-site  '‘ontrarf  (■rrpioyeps  of  (It-ot.C'nf  ers  Inc.,  lort  Wasiiinqton  Mi)  LU/44 


1.  Introduction 

It  has  been  known  for  many  years  that  metals  can  be  by  the 
precipitation  or  dispersion  of  a  second  phase  (Kelly  and  Nicholson  1953,  Ashby 
1970,1971,  Brown  and  'Ham  1971,  Brown  1979,  Gerold  1979,  Lloyd  1985).  The 
degree  of  hardening  varies  with  many  factors,  including  the  size  and 
distribution  of  the  precipitates,  their  elastic  strength  relative  to  that  of 
the  matrix  and  the  nature  of  the  precipitate-matrix  interface.  The  principles 
underlying  the  hardening  effect  are  understood  at  a  qualitative  level.  The 
precipitates  impede  the  passage  of  dislocations,  which  must  bypass  the 
obstacles  in  order  for  plastic  flow  to  proceed.  Bypass  can  occur  in  several 
ways,  depending  on  the  detailed  nature  of  the  second  phase  particles  and  the 
character  of  the  dispersion.  Fo-  example,  soft  precipitates  may  be  easily 
intersected  by  dislocations.  A  harder  second  phase,  on  the  other  hand,  may 
force  the  dislocations  to  loop  (Orowan  1948)  or  cross-slip  (Hirsch  1957) 
around  the  inclusions. 

Quantitative  understanding,  in  contrast,  is  poor,  because  the 
configuration  adopted  by  a  dislocation  in  an  arbitrary  stress  field  is  not, 
in  general,  amenable  to  analytic  solution,  so  that  numerical  methods  are 
necessary.  The  simplest  approximation  is  the  constant  energy  line  tension 
model  (e.g.  Friedel,  1956),  which  treats  a  dislocation  as  an  elastic  string 
with  a  fixed  energy  per  unit  length  E,  taken  to  be  pb"/?,  where  p  is  the  shear 
modulus  and  b  the  Burgers  vector.  The  line  tension  model  is  crude,  completely 
i qnor  i  ng  t  he  se  1  f  -  i  nt  er,i(  t  i  on  of  the  d  i  s  I  ocat  ion  ^  i  . e  .  t  Iw  c  ut s  t  i  c  inf  et  ac  c  i  on 
between  remote  parts  ot  fiio  same  dislocation),  but  nonetheless  forms  the  pre¬ 
dominant  basis  for  curr.mt  understanding  of  dispersion  hardening.  Refinements 
have  been  developed  which  take  into  account  the  variation  ot  the  line  energy 
with  dislocation  character  (OeWit  and  Koehler  1959,  Kocks,  Argon  and  Ashby 


3 


1975),  replacing  the  constant  energy  E  by  the  orientation-dependent  quantity 
E  +  E",  where  the  double  prime  denotes  the  second  derivative  with  respect 
to  the  angle  between  the  dislocation  line  and  the  Burgers  vector.  This 
improved  approximation  takes  into  account  the  difference  in  line  energy 
between  edge  and  screw  dislocations  and  was  used  by  Gleiter  (1967)  to  model 
the  bypass  mechanism  for  coherent  obstacles,  but  falls  short  in  not  accounting 
for  the  non-local  nature  of  the  self-stress. 

A  numerical  model  was  developed  independently  by  Bacon  (1967)  and  Foreman 
(1967)  based  on  Brown's  (1964,1967)  self-stress  theory,  which  accounts  fully 
for  the  anisotropy  of  the  line  energy  and  the  non-locality  of  the  self¬ 
interaction.  This  model  has  been  used  (Foreman,  Hirsch  and  Humphries  1970, 
Shtolberg  1971,  Bacon,  Kocks  and  Scattergood  1973)  to  investigate  dislocation 
bowing  between  impenetrable  (i.e.  infinitely  strong  with  no  stress  field) 
obstacles  of  varying  shape.  The  most  complete  treatment  was  given  by  Bacon  et 
al .  (  1973)  (referred  to  below  as  BKS),  who  showed  that  the  predictions  of  the 
full  self-stress  model  can  be  very  different  from  those  of  the  line  tension 
model  . 

The  work  '^eported  below  extends  the  Bacon  -  Fnrom.^in  model  to  the  case  of 
penetrable,  coherent  obstacles.  It  will  be  shown  that  the  behaviour  differs 
substantially  from  that  found  by  BKS  for  impenetrable  obstacles,  but  can  be 
characterised  in  a  similar  way  by  renormalisation  of  the  obstacle  geometry. 
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2.  Model  lino  Methods 

The  shear  stress  field  at  a  point  P  due  to  an  element  of  length  ds  at  C 
of  a  dislocation  segment  A8  (fig.  la)  is  (Brown  1967) 

da  =  i  .  (f  4-  E")  .  sinB.ds  (1) 

b  i7r 

where  r  is  the  vector  joining  C  and  P  and  B  is  the  angle  between  r  and  the 
tangent  to  the  dislocation  line  at  C.  The  stress  at  P  due  to  the  entire 
segment  AB  is  obtained  by  integrating  (1)  along  the  contour  AB.  The  self¬ 
stress  of  a  dislocation  at  a  specific  point  on  the  dislocation  line  is 

singular  according  to  (1),  but  can  be  defined  in  terms  of  a  cutoff  parameter 
rj  (analogous  to  the  'core  radius')  as  the  average  of  the  integral  of  (1) 

evaluated  at  distances  (+p,  -rj)  normal  to  the  dislocation  line  at  the 

reference  point  (Brown  1964). 

The  Bacon-Foreman  model  approximates  a  continuous  dislocation  by  a 

discrete  set  of  N  irregularly  spaced  vertices  s^  (n  =  l . N)  lying  on  the 

dislocation  line  (fig.  lb).  The  numerical  computation  of  the  self-stress  has 
been  treated  in  detail  by  BKS  and  will  only  be  summarised  here.  The  self- 
stress  a  of  the  dislocation  at  the  vertex  s„  is  considered  to  be  comprised  of 
two  contributions.  The  first,  due  to  a  circular  arc  through  the  vertices  s^. 
,,  and  is  ralrulatod  from  the  known  analytical  expression  (Brown 

1964).  The  second,  due  to  the  remainder  of  the  dislocation,  is  computed  in  a 
piece-wise  linear  approximation  by  summing  the  stresses  at  the  vertex  due 
to  all  segments  other  than  those  forming  the  circular  arc.  In  the  work  below 
the  explicit  approximations  given  by  BKS  (ex^uations  11  and  12)  to  these  two 
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terms  have  been  used. 

To  accommodate  the  boundary  conditions  necessary  to  model  coherent 
obstacles,  some  modification  to  the  algorithm  used  by  BKS,  which  depends  upon 
pinning  at  the  obstacle,  is  required.  A  procedure  derived  from  standard 
molecular  dynamic  techniques  has  been  used.  Each  dislocation  segment  is 
assigned  a  mass  m’ds  proportional  to  its  length  ds  and  is  permitted  to  move 
in  accord  with  classical  dynamics.  A  modified  Verlet  (1967)  (central 
difference)  algorithm  is  used;  the  position  vector  r  of  each  dislocation 
segment  is  permitted  to  evolve  during  the  time  interval  t  to  t+dt  according 
to 


r:(t+dt)  =  A(r(t)  ■  r(t-dt))  +  F .  (dt ) V (m'ds )  (2) 

where  F  is  the  force  on  the  dislocation  segment  and  X  is  a  parameter  which 
permits  damping  of  the  motion;  for  X  =  1,  the  Verlet  algorithm  is  recovered 
exactly.  The  force  £  ’S  calculated  from  the  Peach-Koehl er  (  1950)  formula 

F.  ^  (b  .  n)  X  ds  (3) 

using  a  stress  field  g  comprised  of  the  self-stress,  the  applied  stress  and 
the  stress  from  the  precipitates,  each  of  which  contributes  a  term 

-  6fuR^  .  x,x/r^ 


r  >  R 


(•i: 
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where  fi  is  the  shear  modulus,  f  is  the  particle-matrix  specific  size  misfit, 
R  is  the  precipitate  radius  and  (x,-,  r)  define  the  position  of  the  field  point 
with  respect  to  the  centre  of  the  precipitate.  The  x^Xj  plane  will  be  taken  to 
be  the  primary  slip  plane.  The  sign  and  magnitude  of  the  stress  (4)  then 
varies  with  Xj  (4),  which  is  the  height  at  which  the  slip  plane  intersects  the 
precipitate.  Since  a  variation  of  x,  is  entirely  equivalent  to  variation  of 
the  sign  and  magnitude  of  f,  it  will  be  assumed  that  the  plane  of  intersection 
lies  always  at  x^  =  9./J2,  the  position  of  maximum  stress.  The  initial 
dislocation  line  will  always  be  taken  to  lie  along  the  x,  direction. 

In  practice  it  is  found  that  the  discontinuity  in  stress  at  the  particle 
surface  leads  to  numerical  instability;  the  stress  field  within  the 
precipitate  was  therefore  approximated  by 

=  a(s)  .  (p/R)"  r  <  R  (4a) 

where  a(s)  is  the  stress  at  the  precipitate  surface,  p  is  the  distance 
measured  in  the  dislocation  slip  plane  from  the  field  point  to  the  axis  of  the 
precipitate  and  n  is  a  decay  exponent.  The  value  of  n  was  taken  as  2,  but  does 
not  have  a  significant  influence  on  the  calculations. 

The  dislocation  segments  are  permitted  to  have  variable  lengths,  with  the 
segment  density  largest  in  regions  of  strong  curvature,  a  feature  present  also 
in  the  BKS  treatment.  A  typical  run  was  begun  with  20  evenly  spaced  vertices 
along  the  dislocation  line;  additional  vertices  were  added  for  small 
precipitates  to  ensure  that  at  least  ten  initial  segments  were  present  to  wrap 

around  each  obstacle.  During  the  calculation,  whenever  the  angle  between  two 

« 

contiguous  segments  exceeded  0.5  radians,  an  additional  vertex  was  inserted 
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on  either  side  of  the  central  vertex.  The  time  step  (dt  /m  )  was  adjusted  ad 
hoc  to  preserve  stability;  a  value  of  one  quarter  of  the  inter-obstacle 

spacing  was  found  to  be  adequate  in  most  cases. 

The  algorithm  (2)  is  less  efficient  for  impenetrable  obstacles  than  that 
used  by  BKS,  but  has  the  advantage  that  arbitrary  stress  fields  can  be 
treated,  that  the  motion  of  mechanically  unstable  configurations  can  be 
described  with  confidence  and  that  finite  temperatures  can  be  simulated.  It 
is  found  that  undamped  motion  (A  =  1)  leads  to  extensive  oscillation,  which 
is  physically  real,  but  inconvenient  to  the  present  purpose  of  determining 
equilibrium  configurations;  a  value  of  A  =  0.7,  which  was  found  to  give 
critical  damping,  was  used. 

The  algorithm  has  been  tested  for  impenetrable  obstacles  by  turning  off 
the  precipitate  interaction  (4),  instead  pinning  the  dislocation  at  the 
matrix/precipitate  interface.  This  procedure  reproduces  the  BKS  results. 

The  present  work  will  consider  only  isotropic  elasticity,  because  the 
intention  is  to  determine  the  effect  of  coherent  obstacles  within  the  simplest 
possible  framework.  The  effects  of  anisotropic  elasticity  on  self-st.ess 
theory  in  general  have  been  reviewed  by  Bacon  (1985).  The  specific  influence 
of  anisotropy  on  the  BKS  results  has  been  considered  by  Scattergood  and  Bacon 
(1974,1975,1976,1982).  It  was  found  that  the  isotropic  elastic  model  can 
usually  provide  a  fair  approximation  to  the  anisotropic  case  provided  that 
effective  values  for  ;i  and  u  {u  is  Po’sson's  ratio),  fitted  to  anistropic 
energy  factors,  are  used.  In  the  present  work  no  attempt  has  been  made  to  do 

this. 


3.  line  Tension  and  Self-Stress  Theory 
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It  is  worthwhile  to  consider  briefly  the  history  of  the  application  of 
line  tension  and  self-stress  theories  to  passage  of  dislocations  through 
obstacle  arrays.  A  representative  diagram  of  a  dislocation  bowed  by  an  applied 
stress  a  against  an  infinite  array  of  impenetrable  spherical  precipitates  each 
with  diameter  0  and  separation  L  is  shown  in  fig.  2.  Also  defined  in  fig.  2 
are  the  breaking  angle  0  (the  angle  of  maximum  slope  of  the  dislocation),  the 
maximum  bowout  distance  and  the  parameter  (to  be  discussed  later),  which 
is  the  distance  by  which  the  dislocation  "stands  off"  from  the  obstacle. 
Conventional  line  tension  theory  identifies  the  force  F  exerted  on  each 
obstacle  as  2Tsinff,  where  T  is  the  line  tension  acting  along  the  dislocation 
line  at  the  obstacle.  This  approximation  is  strictly  valid  only  for  point 
obstacles,  but  provides  a  convenient  reference  state  and  illustrates  the 
importance  of  the  line  tension  and  the  breaking  angle  0  in  determining  the 
bypass  conditions.  For  penetrable  obstacles  F  must  exceed  the  obstacle 
'strength'  and  for  impenetrable  obstacles  a  maximum  in  F  signals  an 
instability  towards  Orowan  bypass.  The  force  on  the  dislocation  necessary  to 
support  the  configuration  shown  in  fig.  2  is  evaluated  in  a  similar 
approximation  to  be  obL,  where  o  is  the  applied  resolved  shear  stress,  so  that 
for  impenetrable  obstacles,  the  constant  energy  line  tension  model  (T  =  E  = 
(ib^/2)  predicts  a  bypass  (Orowan)  stress  of 

0,  =  2T/t)L  =  /ib/L  (S) 

At  this  critical  point  the  breaking  angle  9  =  90°  and  the  bowed  dislocation 
forms  a  semicircular  arc  with  Y,  =  L/2. 

t 

It  is  well-known  that  if  the  orientation  dependence  of  the  line  energy 
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is  taken  into  account,  the  breaking  angle  8  remains  at  90°,  but  the  maximum 
bowout  and  bypass  stress  become  orientation-dependent,  reflecting  that,  for 
example,  the  line  tension  at  the  obstacle  for  a  screw  dislocation  in  the 
critical  configuration  is  equal  to  the  line  energy  for  an  edge  dislocation. 
In  this  approximation  the  bypass  stress  for  a  screw  dislocation  is  larger  by 
a  factor  than  for  an  edge,  and  the  maximum  bowout  correspondingly 
smaller.  Adoption  of  the  DeWit-Koehler  (1959)  expression  for  the  line  energy 
does  not  change  these  conclusions.  The  Orowan  stress  for  an  edge 
dislocation  is  the  same  for  both  line  tension  approximations  and  will  be  used 
as  the  reference  unit. 

The  line  tension  approximations  can  be  matched  closely  in  the  Bacon- 
Foreman  model  by  permitting  only  the  first  (local  curvature)  term  to 
contribute  to  the  self-stress,  ignoring  the  non-local  integral  over  the 
dislocation  line.  The  influence  of  the  non-local  term  can  be  seen  by  noting 
that  the  line  energy  E  is  given  by 

E  =  A.  ^ib  .  ln{R/rg)  (6) 

471 

where  R  and  r^  are  outer  and  inner  cutoff  distances,  respectively  and  A  is  an 
orientation  factor.  In  the  local  approximation  R  is  commensurate  with  the 
dislocation  spacing  in  the  bulk  crystal.  When  non-local  effects  are  taken  into 
account,  on  the  other  hand,  R  depends  on  the  shape  assumed  hy  the  indis’idual 
dislocation.  The  positive  and  negative  arms  of  the  bowed  dislocation  form 
dipoles  of  separation  D  and  L  (respectively  XX  and  XX'  in  fig.  2).  The  outer 
cutoff  R  should  have  a  value  between  these  two  limits,  as  was  pointed  out  by 
Ashby  (1966,1968).  Computations  performed*by  Bacon  (1967)  and  Foreman  et  al . 
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(1970)  support  this  simple  rationalisation.  The  BKS  treatment,  encompassing 
a  wide  range  of  relative  obstacle  sizes  and  spacings,  showed  that  the  real 
case  is  more  complicated. 

The  BKS  results  were  consistent  with  an  Orowan  stress  given  by 

o/a^  =  A{ln  X  +  B)  (7) 

where  A  is  a  constant  equal  to  1  for  edge  and  l/{l-v)  for  screw 
dislocations,  X  is  the  harmonic  mean  of  L  and  D  (i.e.  1/X  =  1/L  +  1/D),  B  is 
an  empirical  constant  of  order  unity  and  is  given  by  (5).  The  physical 
interpretation  of  (7)  is  that  for  large  obstacle  separations,  the  lo  -ithmic 
term  is  dominated  by  the  obstacle  size,  reflecting  the  importance  of  the 
dipole  interaction  between  the  dislocation  arms  on  either  side  of  the 
obstacle.  Conversely,  for  closely  spaced  large  obstacles,  it  is  the  inter¬ 
action  of  the  dislocation  arms  between  obstacles  which  governs  the  Orowan 
stress. 

BKS  found  also  that  the  breaking  angle  can  differ  from  90°  by  up  to  tlO"’, 
with  the  smaller  angles  operative  for  small  obstacles,  for  which  the  dipole 
effect  is  strongest. 

4 .  The  Effect  of  Cohere n cy  St ra i_ns 

The  influence  on  the  edge  dislocation  bypass  stress  of  repulsive 
obstacles  (i.e.  for  dislocation-precipitate  encounters  on  a  plane  with  Xj  > 
0  for  e  >  0  or  on  a  plane  x,  <  0  for  «  <  0)  with  misfit  parameters  f  in  the 
range  0.001  <  |e|  <  0.050  has  been  considered  for  obstacle  diameters  D  of 
316b,  158b  and  79b  and  separations  L  varying  from  0.50  to  120  (the  obstacle 
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and  array  sizes  have  been  chosen,  as  far  as  possible,  to  match  the  values  used 
by  BKS).  For  each  combination.  Table  I  lists  the  stand-off  distance  (in 
units  of  D),  the  maximum  bowout  distance  (in  units  of  L),  the  breaking 
angle  d  and  the  critical  stress  a  (in  units  of  a^). 

For  small  misfit  values  bypass  occurs  by  intersection.  For  larger  misfits 
Orowan  looping  occurs.  The  b>pass  stress  in  units  of  is  shown  in  fig.  3  as 
a  function  of  the  misfit;  the  curves  in  fig.  3  are  displaced  along  the  y-axis 
in  unit  steps  for  clarity.  The  y-axis  ticks  are  drawn  at  integral  multiples 
of  Og,  but  the  numbering  is  omitted  because  of  the  curve  displacement.  Sets 
of  points  for  different  obstacles  are  displaced  by  an  additional,  similar 
step,  with  the  obstacle  diameter  D  indicated.  The  obstacle  separation  L  is 
shown  within  a  blanked  region  of  each  curve.  Data  points  drawn  as  open  circles 
indicate  bypass  by  intersection;  closed  circles  refer  to  Oi'owan  bypass.  As 
expected,  each  curve  shows  an  initial  high  hardening  rate  in  the  intersection 
regime,  reflecting  a  bypass  stress  determined  directly  by  the  backstress  (4) 
exerted  by  the  precipitate.  The  hardening  rate  drops  as  the  Orowan  mechanism 
becomes  dominant,  because  bypass  in  this  regime  is  governed  by  the  line 
tension  of  the  dislocation  rather  than  by  the  precipitate  backstress. 

For  each  obstacle  size,  the  intersection  mechanism  persists  to  a  1 atger 
misfit  value  for  larger  obstacle  separation.  This  occurs  because  the  la>'ger 
separations  permit  the  dislocation  to  wrap  more  closely  around  the 
precipitate,  with  a  consequent  higher  curvature  and  stronger  forward  force. 

For  precipitates  without  a  stress  field,  such  as  the  impenetrable 
obstacles  used  by  BKS,  the  bypass  stress  is  constant  for  a  fixed  obstacle 
diameter  and  separation.  It  is  clear  from  fig.  3  that  this  is  not  true  in 
general  for  coherent  obstacles,  even  for  Oro'  an  bypass.  In  the  Orowan  regime 


12 


the  hardening  rate  with  increasing  £,  although  lower  than  in  the  intersection 
regime,  is  nonetheless  significant  and  is  larger  for  smaller  obstacle 
separations.  The  general,  low  hardening  rate  in  the  Orowan  regime  occurs  for 
reasons  explained  below,  but  the  larger  hardening  for  small  obstacle 
separations  is  a  consequence  of  overlap  of  the  obstacle  stress  fields.  Fig. 
4  shows  a  three-dimensional  perspective  illustration  of  the  shear  stress 
field  (i.e.  the  stress  which  acts  on  an  incident  edge  dislocation)  of  an 
obstacle  array.  The  x,  and  x^  axes  in  fig.  4,  which  are  the  same  as  those  in 
fig.  2,  with  the  x,  axis  parallel  to  the  initial  dislocation  and  the  length 
of  the  obstacle  array,  are  labelled  in  units  of  0/(272)  (i.e.  the  radius  of 
the  obstacle  cross-section  in  the  slip  plane).  The  x,  axis  shows  the  shear 
stress  normalised  to  the  maximum  value;  values  within  the  precipitate  have  no 
meaning.  In  fig  4a,  for  an  obstacle  separation  of  2.50,  the  stress  fields  of 
the  individual  obstacles  are  effectively  independent.  For  a  smaller  separation 
of  0.50  (fig.  4b)  there  is  a  clear  overlap,  with  a  saddle-point  midway  between 
the  obstacles.  The  absolute  height  of  this  saddle-point  increases  with  misfit 
and  leads  to  a  backstress  acting  on  the  dislocation,  causing  the  hardening 
shown  in  fig.  3. 

This  is  not  a  complete  explanation.  The  hardening  with  increasing  f  is 
stronger  for  larger  obstacles.  For  example,  fig.  3  shows  that  for  separations 
of  half  the  obstacle  diameter,  the  hardening  rate  for  an  obstacle  diameter  of 
316  is  nearly  four  times  as  large  as  for  a  diameter  of  79.  It  seems  reasonable 
to  attribute  this  difference,  at  least  in  part,  to  the  stronger,  bypass- 
promoting  precipitate  dipoles  (XX  in  fig.  2)  for  the  smaller  obstacles. 

The  magnitudes  of  the  bypass  stresses  in  the  Orowan  bypass  limit  may  be 
compared  with  the  BKS  results  for  obstacles  of  similar  size  and  separation. 


13 


For  an  obstacle  diameter  of  316,  8KS  find  that  the  bypass  stress  for  edge 
dislocatopns  varies  over  a  narrow  range  from  0.9370^  to  1.0250^  as  the 
separation  changes  from  316  to  1000.  For  the  same  obstacle  diameter  and  for 
separations  400  and  1000,  fig.  3  and  Table  I  show  that  for  coherent  obstacles, 
the  bypass  stresses  at  the  onset  of  the  Orowan  process  are  0.7750^,  in  each 
case,  somewhat  lower  than  the  BKS  values.  As  the  misfit  rises  to  0.040,  the 
bypass  stresses  increase  to  1.475a^  and  2.475(7^  for  L  =  400  and  1000, 
respectively,  both  substantially  larger  than  the  BKS  results.  Thus  within  the 
Orowan  limit,  coherent  obstacle  arrays  are  weaker  than  their  impenetrable 
analogues  for  small  misfit,  but  harder  for  large  misfit.  The  reasons  for  this 
behaviour  will  becom  apparent  below. 

Typical  examples  of  the  dislocation  configurations  adopted  during  the 
intersection  and  looping  processes  are  illustrated  in  figs.  5a  and  b.  In  both 
cases  the  dislocation  is  moving  from  bottom  to  top  of  the  diagrams,  through 
a  periodic  array  of  obstacles  with  diameter  D  =  316b  and  reparation  L  =  1000b 
Only  one  obstacle,  with  central  coordinates  x^,  and  radius  projected  into 
the  slip  plane  (0/272)  is  shown;  translational ’y  periodic  boundary  conditions 
operate  at  the  lateral  ends  of  the  diagrams. 

Fig.  5a  shows  successive  equilibrium  positions  of  the  dislocation  for-  an 
obstacle-matrix  mismatch  of  f  =  0.001  as  the  stress  is  increased  in  steps  of 
0.05a^  from  0.15a„  to  0.40a  ,  then  to  0.438a,.  just  below  the  bypass  stress; 
non -equ i  1  i br i urn  configurations  for  successive  intervals  of  25  time  steps  at. 
an  applied  stress  0.1a,  larger  than  critical  are  shown  also  (dashed  lines)  to 
illustrate  the  evolution  of  the  bypass  process,  bypass  in  this  case  occurs  by 
intersection.  A  larger  mismatch  of  e  =  O.piO  forces  the  dislocation  to  pass 
the  obstacle  array  by  the  Orowan  process,  leaving  behind  a  loop  which  lies 
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partly  inside  the  obstacle  (fig.  5b;  the  loop  lies  inside  the  obstacle  for  X2 
>  y^  because  the  obstacle  stress  field  (4)  is  attractive  in  this  region).  The 
equilibrium  configurations  shown  in  fig.  5b  begin  at  a  stress  of  O.Sa^  and 
advance  in  steps  of  0.1a,,  to  0.9a„,  then  to  the  subcritical  stress  of  0.947a„; 
subsequent  non-equilibrium  shapes  are  the  result  of  time  intervals  as  above 
at  an  additional  stress  increment  of  0.1a„. 

Particularly  notable  from  fig.  5b  is  that  the  breaking  angle,  even  for 
Orowan  bypass,  is  only  57°,  much  smaller  than  the  line  tension  and  BKS  values. 
Reference  to  Table  I  shows  that  the  breaking  angle  for  all  Orowan  proces-^ps 
is  of  a  similar  magnitude,  ranging  from  40°  to  70°.  This  is  attributable  to  the 
obstacle  stress  field  (4),  which  repels  the  dislocation  for  Xj  <  y^  but  is 
attractive  for  Xj  >  y^,  substantially  strengthening  the  dipolar  attraction 
between  the  dislocation  arms  on  either  side  of  the  precipitate.  This  dipole 
enhancement  is  responsible  for  the  lowering  of  the  bypass  stress  levels  for 
low-misfit  Orowan  bypass  from  the  impenetrable  obstacle  BKS  values.  The  low 
value  of  9  also  has  a  bearing  on  the  probability  of  bypass  by  cross-slip,  a 
subject  which  will  be  discussed  later. 

It  is  evident  from  the  discussion  above,  which  demonstrates  a  strong 
variation  of  the  bypass  stress  with  misfit  for  constant  obstacle  size  and 
separation,  that  the  BKS  expression  (7)  cannot  hold.  However,  the  diagram  of 
fig.  5b  shows  that  the  dislocation  configuration  in  the  critical  state  forms 
a  roughly  circular  arc  concentric  with  the  obstacle,  but  of  larger  diameter. 
This  suggests  that  the  dislocation  "sees"  a  larger  obstacle  than  is  physically 
present,  i.e.  that  the  obstacle  diameter  D  should  be  renormalised  to  an 
effective  value  0*  equal  to  the  distance  by  which  the  dislocation  "stands  off" 
from  the  obstacle,  denoted  by  Y,.  in  fig.  2.  It  can  be  seen  from  Table  I  that 
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Yg  increases  monotonically  with  misfit,  thereby  decreasing  the  obstacle  dipole 
enhancement;  this  effect  is  responsible  for  the  hardening  in  the  Orowan  regime 
(except  that  caused  by  stress  field  overlap)  and  causes  the  obstacle  array  to 
be  stronger  for  large  misfit  than  the  impenetrable  analogue.  The  renormalised 
obstacle  separation  L*  is  given  by  L+D-D*  and  the  analogue  of  (7)  is 

a/a^  =  (L/L*)  .  A*(ln  X*  +  B*)  (8) 

in  which  the  prefactor  (L/L*)  is  necessary  to  retain  a  consistent  definition 
of  (5)  and  X*  is  the  harmonic  mean  of  D*  and  L*. 

Fig.  6  shows  the  variation  of  the  bypass  stress  in  the  Orowan  regime  with 
(L/L*)7/7X*  .  The  data  points  obtained  in  BKS  for  edge  dislocations  are  also 
shown  in  fig.  6  (for  impenetrable  obstacles  L  =  L*.  so  that  the  same  plot  can 
be  used).  The  BKS  points  (open  circles)  show  a  linear  dependence  of  stress  on 
/nX  with  the  slope  of  l/27r  expected  from  linear  elasticity,  covering  a  range 
of  InX  from  1  to  6,  and  indicate  a  value  of  0.7  for  B.  The  data  from  the 
present  calculation  are  shown  as  filled  circles,  and  suggest  an  apparent 
approximately  linear  relation  between  passing  stress  and  (L/L*)/nX*  over  a 
range  from  2.5  to  25,  with  an  initial  slope  of  0.7/27t,  decreasing  with 
increasing  (L/L*)/nX*,  and  a  value  of  0  for  B*. 

The  dependence  shown  in  fig.  6  must  be  strongly  qualified.  The  evidence 
suggests  that  the  data  points  belong  to  a  single  curve,  or  a  set  of  closely 
spaced  curves,  indicating  that  the  underlying  physics  is  correct.  However, 
the  curves  cannot  be  described  by  (8)  unless  the  "constant"  B*  is  a  near- 
linear  function  of  (L’/L),  because  a  plot  o,f  (a/a^,) .  (L*/L)  against  /nX*  shows 
no  apparent  order,  l.here  seems  to  be  no  fundamental  reason  for  a  functional 


16 


dependence  of  B*  on  (L'/L);  for  the  present  the  dependence  will  be  accepted  at 
face  value. 

Note  should  be  made  of  the  point  marked  A  in  fig.  6.  This  point  clearly 
does  not  belong  to  the  same  curve  as  the  remainder  of  the  data;  it  pertains, 
together  with  two  other  points  omitted  from  fig.  6  (because  of  even  larger 
deviations  in  the  same  sense),  to  large,  closely  spaced  obstacles  with 
overlapping  stress  fields.  In  this  limit,  when  the  bypass  process  is  dominated 
by  the  obstacle  array  backstress  rather  than  the  line  tension  of  the 
dislocation,  the  philosophy  of  (7)  breaks  down. 

5.  Summary  and  Discussion 

The  passage  of  an  edge  dislocation  through  an  array  of  coherent, 
spherical  precipitates  has  been  considered  for  the  case  of  repulsive 
interactions  and  has  been  compared  with  the  analogous  calculations  for 
impenetrable  obstacles  reported  by  BKS.  Aside  from  the  expected  difference  - 
that  for  low  misfit  values  bypass  of  coherent  obstacles  takes  place  by 
intersection  -  there  are  two  principal  consequences  of  the  coherency  stresses. 
The  force  of  attraction  between  the  arms  of  the  trans-obstacle  dipole  {XX  in 
fig.  2)  is  augmented  by  the  obstacle  stress  field  (4)  for  that  part  of  the 
dipole  which  protrudes  beyond  the  centre-line  of  the  array.  In  a  similar  way 
the  mutual  attraction  of  the  inte»--obstacle  dipole  (XX'  in  fig.  2)  arms  is 
weakened.  The  combined  effect  is  to  reduce  the  bypass  stress  for  small  misfit 
values,  particularly  for  small  obstacles,  for  which  the  trans-obstacle  dipole 
effect  is  dominant. 

The  second  effect  occurs  for  larger  misfits  and  is  strongest  for  large 

$ 

obstacles.  The  dislocation  senses  the  physical  dimensions  of  a  obstacle  only 
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indirectly,  via  the  coherency  stress  field.  The  dislocation  "stands  off"  from 
the  obstacle  of  diameter  D,  forming  a  roughly  circular  arc  with  larger 
diameter  D*.  The  effective  barrier  seen  by  the  dislocation  resembles  an  array 
of  impenetrable  obstacles  with  renormalised  diameter  D*  and  separation  L*  = 
L+D-D*.  This  effect  causes  the  bypass  stress  to  rise  above  the  values  for  an 
array  of  impenetrable  obstacles  of  the  same  physical  dimensions  and  can  be 
large;  in  the  present  work  an  array  strength  enhancement  of  a  factor  of  2.5 
was  observed  for  D  =  316  and  L  =  400.  An  additional  hardening  effect  for  very 
closely  spaced  obstacles  is  caused  by  stress  field  overlap.  When  this  happens 
the  renormalisation  procedure  breaks  down  because  the  bypass  stress  and 
dislocation  shape  are  perturbed  severely  by  the  backstress  exerted  by  the 
combined  obstacle  stress  fields  . 

Associated  with  the  easier  bypass  of  coherent  obstacles  is  depression  of 
the  breaking  angle  from  the  near-OO”  values  predicted  by  impenetrable  obstacle 
theory  to  levels  of  40°  -  70°  (the  smaller  angles  pertain  to  smaller  obstacles, 
as  in  the  BKS  work,  reflecting  the  stronger  trans-obstacle  dipoles).  This 
militates  against  the  simple  cross-slip  mechanism  (Hirsch, 1957;  Ashby  and 
Smith,  1960;  Humphreys  and  Martin,  1967;  Gleiter,  1967;  Duesbery  and  Hirsch, 
1970;  Humphreys  and  Hirsch,  1970)  developed  to  explain  the  generation  of 
prismatic  loops  as  a  result  of  dislocation  bypass  of  coherent  obstacles. 
Humphreys  and  Hirsch  (1970)  conclude  that  the  cross-slip  process  necessary  to 
create  the  (interstitial)  prismatic  loops  must  originate  behin^^  the  obstacle 
(i.e.  at  Xj  <  0  in  fig.  2).  The  present  results  suggest  that  for  spherical 
precipitates,  it  is  unlikely  that  a  single  undissociated  edge  dislocation  can 
attain  the  necessary  screw  orientation  before  the  bypass  stress  is  reached, 
still  less  in  the  region  behind  the  precipitate. 
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TABLE  I 

For  obstacles  of  diameter  0,  separation  L  and  misfit  parameter  f,  the  critical 
values  of  the  standoff  distance  (in  units  of  D),  the  maximum  bowout  (in 
units  of  L),  the  breaking  angle  6  and  the  bypass  stress  a  (in  units  of  a^)  are 


tabulated.  An  asterisk  after  the  stress  value  indicate  bypass  by  intersection. 


L 

f 

Yc 

Y„ 

a 

€ 

Yc 

0 

1000 

.001 

.351 

.278 

40 

.438* 

.002 

.490 

.381 

51 

.600* 

.003 

.605 

.398 

51 

.675 

.005 

.712 

.494 

61 

.800 

.007 

.845 

.476 

57 

.875 

.010 

.932 

.479 

57 

.947 

.020 

1 

.165 

.426 

50 

1 

.147 

.030 

1 

.273 

.539 

60 

1 

.322 

.040 

1 

.382 

.448 

52 

1 

.475 

.050 

1 

.453 

.447 

52 

1 

.625 

400 

.001 

.315 

.361 

36 

.350* 

.002 

.294 

.741 

80 

.550* 

.005 

.646 

.555 

48 

.775 

.010 

.783 

.581 

50 

1 

.091 

.020 

.914 

.536 

47 

1 

.591 

.030 

.977 

.597 

52 

2 

.044 

.040 

1 

.019 

.607 

53 

2 

.475 

150 

.001 

.303 

.526 

29 

.225* 

.002 

.400 

.732 

38 

.369* 

.005 

.539 

.853 

43 

.650 

.010 

.627 

.904 

46 

1 

.025 

.020 

.697 

.956 

49 

1 

.700 

.030 

.730 

1.005 

52 

2 

.322 

.040 

.751 

1.001 

52 

2 

.925 

1000 

.001 

.250 

.153 

30 

.286* 

.002 

.363 

.270 

49 

.475* 

.005 

.558 

.357 

58 

.637* 

.010 

.783 

.398 

61 

.725* 

.020 

1 

.003 

.440 

65 

.819 

.030 

1 

.183 

.437 

62 

.875 

.040 

1 

.268 

.500 

70 

.937 

.050 

1 

.391 

.447 

61 

.962 

400 

.001 

.285 

.192 

27 

.250* 

.002 

.381 

.303 

40 

.400* 

.005 

.558 

.465 

56 

.587 

.010 

.741 

.499 

56 

.725 

.020 

.948 

.451 

51 

.894 

.030 

1 

.067 

.428 

48 

1 

.025 

.040 

1 

.139 

.474 

52 

1 

.150 

.050 

1 

.203 

.459 

50 

1 

.263 

160 

.001 

.273 

.239 

23 

.184* 

.002 

.342 

.407 

36 

.309* 

.005 

.516 

.539 

44 

.512 

.010 

.651 

.555 

44 

.712 

.020 

.768 

.584 

46 

1 

.050 

.025 

.803 

.595 

47 

1 

.200 

.030 

.832 

.578 

46 

1 

.337 

.040 

.871 

.651 

51 

I 

.61? 

.050 

.904 

.608 

48 

1 

.862 

1 1'  “ 

L 

£ 

Yc 

a  e 

Yc 

Y„ 

a 

'  79 

1000 

.001 

.246 

.092 

19 

.188*  .002 

.287 

.181 

36 

.363* 

1 

.005 

.593 

.193 

37 

.400*  .010 

.671 

.291 

53 

.575* 

1  I 

.020 

.825 

.380 

69 

.725  .030 

.985 

.377 

67 

.725 

1 

.040 

1.112 

.373 

62 

.725 

1 

500 

.001 

.292 

.092 

18 

.156*  .002 

.286 

.169 

32 

.281* 

.005 

.443 

.284 

50 

.463*  .010 

.622 

.348 

56 

.563 

1 

.020 

.835 

.395 

60 

.650  .030 

.941 

.453 

68 

.706 

1 

.040 

1.067 

.431 

63 

.738 

1 

250 

.001 

.275 

.099 

16 

.138*  .002 

.304 

.192 

29 

.250* 

.010 

.606 

.418 

55 

.538*  .020 

.798 

.456 

57 

•50 

1  r 

.030 

.921 

.457 

55 

.725  .040 

1.011 

.454 

54 

.788 

1 1 

79 

.001 

.241 

.144 

14 

.100*  .002 

.306 

.249 

23 

.175* 

.005 

.406 

.473 

40 

.331*  .010 

.534 

.569 

45 

.481 

'  1 

.020 

.679 

.513 

41 

.663  .030 

.740 

.593 

47 

.837 

,  1 

.040 

.788 

.582 

46 

.987 

1  T 

38 

.001 

.300 

.154 

9 

.063*  .002 

.332 

.278 

16 

.112* 

1 

.005 

.391 

.577 

32 

.237*  .010 

.487 

.704 

37 

.375 

.020 

.575 

.843 

43 

.587  .030 

.629 

.806 

41 

.762 

1 

.040 

.656 

.905 

47 

.944  .050 

.678 

.950 

49 

1.112 

20 
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Figure  Captions 

Fig.  1  a.  Geometry  of  an  arbitrary  curved  dislocation  line  AB.  r  is  the 
vector  from  the  field  point  P  to  the  line  element  ds  at  C  and  22  is  the  angle 
between  r  and  the  tangent  to  the  line  at  C. 

b.  Piecewise  representation  of  a  general  dislocation  arc  as  a 
discrete  set  of  line  segments  connecting  vertices  s,  to  s^.  To  determine  the 
self-stress  at  the  vertex  s„  the  segments  between  s„.,  and  s^,  are  treated  as 
an  arc  of  a  circle,  while  the  remaining  segments  are  treated  as  linear. 

Fig.  2  Diagram  of  a  dislocation  bowed  against  an  array  of  coherent 
obstacles.  The  diameter  D  and  separation  L  characterise  the  obstacle  array; 
the  stand-off  distance  Y^,  the  maximum  bowout  Y„  and  the  breaking  angle  6 
describe  the  dislocation  configuration  in  the  critical  state.  The  dislocation 
arms  at  XX  form  a  trans-obstacle  dipole,  those  at  XX'  an  inter-obstacle 
dipole. 

Fig.  3  The  variation  of  the  passing  stress  a/o^  as  a  function  of  misfit  e 
for  several  obstacle  array  geometries.  Each  group  of  curves,  for  a  specific 
obstacle  diameter  0,  is  offset  from  those  below  it  by  a  two  unit  steps.  The 
curves  within  each  group  are  offset  by  a  single  unit  step;  the  obstacle 
separation  is  listed  in  the  blanked  region  of  each  curve.  Calculated  data 
points  are  represented  by  circles,  open  for  bypass  by  intersection  and  filled 
for  bypass  by  the  Orowan  mechanism. 

Fig.  4  A  perspective  view  of  the  shear  stress  field  of  the  repeat 
region  between  two  obstacles  from  a  periodic  array  parallel  to  the  x,  axis. 
Distances  are  given  in  units  of  D/2y2  (the  radius  of  the  obstacle  in  the  slip 
plane  and  stresses  are  normalised  to  the  maximum  value.  Stresses  are  shown  for 
an  obstacle  separation  of  50/2/2  (a)  and  20/2/2  (b). 
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Fig.  5  Diagrams  of  dislocation  configurations  encountered  during  the 
bypass  process.  The  circles  show  the  obstacle  cross-section  in  the  slip  plane; 
the  vertical  lines  at  the  lateral  edges  of  the  diagrams  delimit  the  repeat 
period.  Full  lines  depict  equil ibrium  dislocation  configurations  at  equally- 
spaced  stress  levels  up  to  the  critical  bypass  stress.  Dashed  lines  show  non¬ 
equilibrium  dislocation  configurations  at  successive  equally-spaced  time 
intervals  for  a  stress  one  level  above  the  bypass  stress.  Axes  referred  to  in 
the  text  are  indicated.  The  intersection  and  Orowan  bypass  processes  are 
illustrated  in  (a)  and  (b)  respectively. 

Fig.  6  The  variation  of  the  passing  stress  a/o^  with  (L/L*)7nX*.  Filled 
circles  refer  to  the  pressent  alculations.  Open  circles  refer  to  the  edge 
dislocation  data  calculated  by  BKS  for  impenetrable  obstacles.  The  isolated 
point  labelled  A  is  discussed  in  the  text. 
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It  was  shown  dial  ihc  hohavior  of  propagaiing  t'urvtril  anil  branched  cracks  is  inhercnilv  governed  by  the  dynamics  of  ihe 
crack  system  provided  lhai  dissipation  in  tlie  potential  energy  is  accounted  for.  A  model  is  proposed  by  introducing  the 
concept  of  an  “equis'alent  crack  particle"  such  that  Ihe  dclermintstie  aspect  of  the  propagating  crack  in  an  ideah/.ed 
continuum  and  the  stochastic  nature  of  the  niicronieclianical  characteristics  of  the  real  material  can  be  modelled.  The 
Langevin  equations  of  motion  and  the  correspiiiiding  Fokker-IManck  equations  are  thus  derived. 


1.  Iiitroduclioii 

In.stability  a.ssnciaied  uitli  crack  propatialioii 
can  occur  iii  the  form  of  bifurcalioii  sshcrc  the 
crack  tends  to  curve  for  no  apparent  reason. 
Numerous  attempts  have  been  made  in  the  past  to 
account  for  such  a  phenomenon  by  predicting  the 
onset  of  branching  and/or  the  curving.  Among 
the  criteria  considered  were  the  critical  velocity 
and  stress  intensity  factor,  maximum  tangential 
stress,  and  a  combination  of  thept.  Dissipation, 
however,  was  not  included. 

The  critical  velocity  criterion  was  first  proposed 
by  Yoffe  (1)  and  later  by  Craggs  (2|  to  study  the 
behavior  by  dynamic  fracture.  It  suggests  that  a 
crack  would  bifurcate  when  a  critical  velocity  i.s 
reached.  Clark  and  Irwin  [3)  and  Congleton  and 
his  co-workers  [4-7|  proposed  the  critical  stress 
intensity  factor  criterion.  They  made  use  of  infor¬ 
mation  from  experiments  for  an  advancing  crack. 
Branching  was  also  attributed  to  the  driving  en¬ 
ergy  for  the  propagating  crack  [8-lOJ.  Even  though 
Rabinoviich  [11)  showed  errors  in  the  numerical 
analysis,  the  criterion  is  still  being  referred  to  that 
of  maximum  energy  release  rate. 

Maximum  tangential  stress  for  static  (12-14) 
and  dynamic  loads  [1,2.15]  was  also  proposed  as  a 
possible  criterion  for  crack  branching.  The  dircc- 
lion  of  branch  initiation  was  assumed  to  be  nor¬ 
mal  to  the  maximum  tangential  stress  near  the 
crack  front.  The  best  results  were  obtained  from 
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the  energy  density  criterion.  In  this  approach,  llie 
ItK'ation  of  minimum  strain  energy  density  was 
identified  bv  Sih  (15- 17]  with  crack  branching  or 
change  m  ti'e  crack  growth  direction.  Ihe  mavi- 
mum  dilatational  energy  density  criterion  by  Tlie- 
ocaris  and  Andrianopoulos  [18,19]  was  also  ap¬ 
plied  for  the  running  crack  and  gave  the  most 
accurate  predictions  for  the  crack  bifurcation  an¬ 
gles  [20]. 

Attempts  have  also  been  made  to  apply  various 
combinations  of  the  different  criteria.  The  critical 
velocity  in  conjunction  with  the  maximum  tangc.- 
tial  stress  or  a  critical  energy  density  was  em¬ 
ployed  for  predicting  the  onset  of  branching  and 
the  branch  angle  [1,2,15,21].  Change  in  the  crack 
growth  direction  has  been  distinguished  from  crack 
branching  even  though  these  two  events  may  be 
governed  by  the  same  mechanism  of  instability. 
The  kinked  cr.ack  geometry  has  been  investigated 
by  application  of  the  energy  release  rate  criterion 
[22-25).  To  the  author’s  knowledge,  the  only  con¬ 
sistent  treatment  of  crack  curving  has  been  given 
by  Sih  [26]  and  by  Ramulu  and  Kobayashi  [27], 
The  maximum  circumferential  stress  or  the 
minimum  strain  energy  density  criterion  were  u.sed 
for  predicting  a  change  in  the  direction  of  crack 
growth.  Such  a  change  was  assumed  to  occur  at  an 
arbitrary  distance  ahead  of  the  crack  tip.  Streit 
and  Finnic.  ]28]  used  a  similar  disiancc  to  studv 
the  influence  of  stress  applied  parallel  to  the  crack 
exten.sion  direction. 

Crack  propagation  consideration  usually  in¬ 
cludes  only  the  energy  used  in  creating  new  crack 
surfaces,  kinetic  energy  and  that  stored  in  the 
body.  Energy  di.s.sipatcd  as  a  result  of  microdc- 
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feels  eie;iteil  ih  the  vielnitv  aiul  awav  from  (he 
paili  of  a  riiiiiiing  crack  has  generally  been  iic- 
glecied.  liven  (hough  (his  may  not  afreet  the  pre- 
ilietion  of  (enninal  vehvilv  aiul/<ir  the  angle  of 
crack  initiation,  the  overall  pattern  of  bifurcation 
inslabilllv  ni.iy  be  influeneeil 

The  slati.stieal  character  '  of  a  real  material 
niav  provide  an  explanation  why  rcprrklucibility 
w.is  lacking  in  many  of  the  brittle  fracture  experi¬ 
ments  133-351.  Freudenthal  [36]  argued  that  failure 
can  initiate  in  highly  localized  regions  of  the 
medium  where  defects  prevail  in  the  microstruc¬ 
ture  or  produced  during  deformation.  These  de¬ 
fects  can  grow  into  flaws  by  destroying  the  cohe¬ 
sion  of  the  material.  The  random  inhomogeneity 
of  the  real  materi.il  was  refleeted  through  the 
distribution  function  of  fracture  strength  giving 
consideration  to  specimen  size  and  stress  state. 
Stochastic  arguments  were  also  applied  to  the 
(jualitative  and  quantit.ative  description  of  fracture 
in  porous  materials  (37-39).  No  inforniation.  how¬ 
ever,  was  given  to  branching  or  curving. 

Ravi-Chandar  and  Kjiauss  (40-43]  observed  by 
high  speed  photography  that  cracks  are  generated 
ahead  of  the  main  crack  in  the  fracturing  Homa- 
lite-100  specimen.  They  showed  that  fracture  i.s  a 
continuous  process  of  crack  initiation  as  known 
by  previous  investigators  [3.29.44].  Following  the 
work  of  Congleton  and  Anthony  (4-7)  who  ex¬ 
plained  branching  by  the  presence  of  a  small  crack 
ahead  of  the  main  crack.  Ravi-Chandar  and 
Knauss  (42)  and  Ramulu  and  Kobayashi  (27.45) 
used  similar  arguments.  Their  models  were  based 
on  the  continuous  interaction  of  the  randomly 
distributed  microcracks  and  voids  in  the  material 
with  the  main  crack.  The  directional  instability  of 
the  running  crack  was  shown  to  be  affected  by  the 
stochastic  nature  of  the  material.  Five  specimens 
of  identical  geometries,  subjected  to  identical  load 
histories  were  tested  [42].  the  point  of  branching 
had  a  variation  of  only  ±  1  mm.  However,  the 
details  of  the  branch  evolution  varied  consider¬ 
ably. 

The  objective  of  this  work  is  to  derive  a  theoret¬ 
ical  model  free  of  inconsistencies.  Both  determin¬ 
istic  and  stochastic  characteristics  will  be  intro 

'  rhu  j.uunipiiuii  ut  unifurnui)  juJ  liuiiiugciiciiy  lo 

preclude  the  triggering  of  dynamic  insiahiliiy.  This  may  be  a 
reason  why  crack  propiigalion  d.iia  in  glass  and  poivniers 
agree  so  well  with  experiments  |3.29-32|. 


diiccd  lo  ricsciibc  dyii.unic  fracture  hcliastor  ut 
im|>crfccl  in.itcrials  by  including  energy  riis.sipa- 
tion.  A  criterion  will  he  developed  to  predict  the 
onset  ttf  diicctional  iitstabilitv  ainl  l<Katiou-  I  he 
results  will  be  coinp.ircJ  with  the  experiments. 

2.  Dissipative  tiiicroiiicclianies  of  dynamic  fracture 

The  dynamic  behavior  of  a  moving  crack  de¬ 
pends  on  loading,  geomeiry  and  material  proper¬ 
ties.  Reference  can  be  made  to  the  known  equa¬ 
tions  of  motion  for  a  crack  [46-67].  Experimental 
observations  can  also  provide  insight  into  analyti¬ 
cal  modeling.  According  to  the  works  in 
(-10  -I3.I5.6.S|.  inieriKiaeks  .ire  present  in  the 
material  and  they  are  nucleated  as  the  main  crack 
propagates.  They  can  further  coalesce  near  the 
crack  tip  leading  to  a  decrca.se  in  the  local  stress 
iniensiiv  and  increase  in  the  local  coinplianec 
I  licsc  flaws  or  liefeets  can  divert  the  direction  of 
crack  growth.  It  was  suggested  in  (45]  that  the 
onset  of  bifurcation  corresponds  to  the  stress  in¬ 
tensity  factor  reaching  a  critical  value  while  devia¬ 
tion  from  tiie  original  path  depends  on  the  critical 
distance  between  the  crack  tips  and  the  neighbor¬ 
ing  defects.  In  view  of  these  observations,  the 
following  a.ssumpiions  are  made  in  developing  the 
present  model. 

2. 1.  Reference  systems 

Crack  motion  is  two-dimensional  and  reference 
is  made  to  the  (0„xv)  coordinate  system  in  the 
physical  domain  with  Young's  modulus  E  and 
Poisson’s  ratio  v  as  shown  in  Fig.  1(a).  Tbe  ficti¬ 
tious  ECP  refers  to  the  system  and  is 

shown  in  Fig.  1(b). 

2.2.  Loadmf’  conditions 

A  stress  pulse  with  magnitude  o  and  duration  t 
is  applied  at  an  angle  ft  with  the  r-axis  for  f  ^  't 
This  corresponds  to  o„,  and  o„,  in  the  v-  and 
y-direction.  respectively. 

2.2  Micromechonicid  effect 

Instantaneous  forces  acting  on  the  ECP  arc 
introduced  to  simulate  the  random  interaction  of 
(he  main  crack  with  the  micromechanical  structure 


J 
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of  the  material.  These  forces  may  have  a  nondis- 
sipalive  hiie.ir  pan  and  .i  dissipative  nonlinear 
p.irt. 


3.  Equivalent  crack  particle 

Let  the  axes  {0„qxq\)  be  attached  to  the  crack 
lip  in  the  absence  of  any  stochastic  influence.  This 
system  moves  with  reference  to  the  (,0,„q^q>)  axes 
with  a  constant  speed  such  that 

+  q.^q\.  (1) 

The  dynamic  equations  of  motion  for  the  ECP 
referred  to  the  moving  frame  of  reference  are 

{<)',)  +  <•,(<)■  i.  y=  1.  2.  (2) 

where  y  is  the  damping  coefficient  while  A,  and 
<!’,  represent  the  deterministic  and  the  stochastic 
forces  on  the  ECP,  respectively.  The  deterministic 
force  represents  the  influence  of  micromechanical 
defects  near  the  crack  tip  which  increa.ses  the 
inertia  to  keep  the  crack  on  its  original  path.  It 
introduces  a  spring-like  action  opposing  the  devia¬ 
tions  caused  by  the  stochastic  impulses  accounted 
for  by  the  constant  xj/.  i.e.. 


( q' ) 


The  random  micromechanical  interaction  can  be 
simulated  by  inipulse-like  action  due  to  .1  stochas¬ 
tic  force; 


where  <>,  is  the  strength  and  S  is  the  Dirac  func¬ 
tion.  Vlie  time  /,  is  the  ciccurrcnce  of  the  /ih 
pulse.  I  he  toial  (orce  e.vcried  by  the  microdeiccis 
can  be  obtained  by  the  sum 


=  Sit-1,). 


{-M 


Since  the  impulses  are  not  unidirectional,  <P,  in  eq. 
(2)  can  be  generalized  as 


Z  S(i  -  r,){±\),. 


(6) 


If  the  acceleration  in  eq.  (2)  is  negligible,  the 
Langevin  equations  of  motion  (69)  are  obtained: 

qi  =  S:,(q',)  +  f,,  /,;  =  ].  2,  (7) 

in  which 

(</') 

-  =  -d^q'.  f/.  =  -  (S) 

y  '  y 

^(')=7  E5(/-'J(±I)..  (9) 

Since  the  impulses  are  random  depending  on  the 
material  microstructure,  it  is  impossible  to  predict 
the  actual  paths  of  the  ECP.  The  influence  cif  the 
random  forces  on  the  velocity  as  a  function  of 
time  can  be  described  qualitatively  m  Eig.  2  How¬ 
ever,  It  is  possible  to  evaluate  the  average  behav¬ 
ior.  If  f,  is  averaged  over  the  random  .sequence  of 
plus  and  minus  signs,  then  on  the  average 


] 


1 


(4)  <f;(,)>=0. 


(10) 
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f'lg.  2  VeUKiiy  lime  hist<vry  due  u»  raiuft'iu  ftirec^ 


Fiirtiicr.  ciMiNiJor  the  prodin-t  of  /■]  at  /  f]  ai 

/'  und  (;iko  llic  a\L'ragc  o\cr  llic  duration  of  llic 
pushes  and  their  directions.  Adopting  a  Poisson 
process,  the  following  correlation  function  is  de¬ 
rived; 

<F,(t)FXt'))^QS(,-r).  (11) 

with 


y'o 


Equations  (7).  (10)  and  (11)  suggest  that  the 
motion  of  the  ECP  lias  the  qualitative  feature  of 
the  Brownian  motion  (70.71 1  of  a  particle  being 
influenced  by  impulses  of  the  neighboring  par¬ 
ticles,  A  deterministic  form  of  eqs.  (7)  is 

</,'  =  .  /  =  1.  2.  (13) 

They,  however,  do  not  describe  the  real  stochastic 
dynamical  system  and  are  not  intcgrable  on 
account  of  the  stochastic  character  of  the  forces 
F^.  A  different  approach  svould  be  required  to 
incorporate  the  stochastic  character  of  the  ECP. 

The  deterministic  equations  of  motion  can  be 
derived  by  applying  eqs.  (1)  to  eqs.  (13).  This  gives 

t/,(d  =  A', (</,),  t.  ;=l.2.  (14) 

where  r/,  arc  referred  to  the  glob.il  coortlinales  of 
the  ECP  and 

A|  ‘/’('/i  "  t),')-  A;-  -r/,t/,.  (15) 


The  ctjtKtliiM)  of  inoiton  can  thus  he 

vvriucn 

<7,  =  A'/t?,)  /;.  (  =1.2.  (16) 

The  components  F,(f)  correspond  to  the  random 
impulses  cau.sed  by  the  micrtxiefecis.  and  A,  arc 
given  by  eqs.  (15).  The  constants  in  eq.  (9)  would 
be  altered.  In  w'hat  follows,  it  «ould  be  more 
expedient  to  .solve  the  deterministic  Fokker- 
Planck  equation  that  expresses  the  continuity  of 
the  probability  distribution  for  the  ECP  following 
a  particular  path.  The  correspondence  of  eq,  (16) 
being  nondeierministic  with  the  Fokker- Planck 
equation  [70-74]  is  given  in  the  Appendix. 

A  uniform  motion  of  the  ECP  prevails  along 
the(0,„<?, )  axis  when  (<;,)  =  v^i  in  the  first  of  eqs. 
(15).  Onlyihe  second  equation  of  motion  needs  to 
be  investigated  as  a  one-dimensional  problem.  It 
follows  that  the  corresponding  Fokker- Planck 
equation  is  also  one-dimensional  as  given  by  eq. 
(A7).  The  coordinate,  serving  as  a  behavior 
parameter  for  the  two-dimension.il  system,  is  de¬ 
terministic.  The  combination  of  eqs.  (14)  and  (15) 
yields 

r/i  =  \  'V  ^ 

-'ll 

The  one-tliniension.il  nalure  of  the  problem  ex¬ 
cludes  information  on  stability. 
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The  natural  boundary  condition  of  the  problem 
rc(.|uircs  that  / -•  0  for  </.  •  f  x;.  It  folUms  from 
ei).  (A6)  that  /  — *  0  for  -•  4  oo  and  hence 


'zQ 


1*1 

dr/. 


K,f. 


(IS) 


This  yields  the  probability  density  distribution 
function; 


/(^j)  =  ^  exp 


Q 


(19) 


where  the  normalization  constant  N  is  determined 
h\ 


1-  (20) 

-  OC 


Here.  K,  is  related  to  the  tunclion  !  (./.)  of  the 
deterinmislic  system  as 


K(r7,)=  -//f,(r/,)d<7,.  (21) 

The  potential  of  the  ECP  can  thus  be  determined 
from  a  knowledge  of  the  deterministic  force  K-,. 
In  the  absence  of  dissipation,  the  linear  force 
characteristics  as  shosvn  in  Fig.  3  would  be  repre¬ 
sented  by  a  second  order  surface  in  the  (K(/,t/, ) 
space.  It  would  always  have  a  unique  minimum 
trajectory. 


l  ig.  3.  Vjri.iiioiis  of  (Ic(crniiniNisv  lifcc  with  tDiiNcrv.ihvc 
and  dissipative. 


I'or  a  system  with  shssipalioii.  the  additional 
civefficients  J.  and  </,  arc  mtroihiced  into  K-,: 

K,  (/,  t  </.(/.  (22) 

in  which  r/|  civrrcspomls  to  a  constant  force  The 
only  nonlinear  term  heme  odd  m  q,  is  .issoci.ited 
with  (I■^.  Figure  3  sliows  tliat  the  area  ()C<J  repre¬ 
sents  the  energy  spent  for  deviating  the  liCI’  from 
its  average  path  along  r/,  by  an  amount  OC.  The 
area  OC'Q  is  the  amount  dissipated  by  micro- 
cracks  near  the  crack  tip.  Substituting  cq.  (22)  into 
(21)  yields 

F(</,)  =  -  -Ir/C -H  ^r/1  (23) 


1‘lollcd  in  Figs  4(a) -(c)  meliisive  .irc  the  poten¬ 
tial  surfaces  Fi/,!,  tvhtamed  fiom  eq.  (23)  and 
Figs.  4(d)-(f)  inclusive  are  the  probahililv  densitv 
dislnhutK'n  surfaces  (  /(/.</.)  ei’iiipiiled  fnvm  eq 
(19)  lor  fixed  values  of  i/,.  </,  and  (2  Note  lli.ii 
the  random  force  Fy{i)  drives  the  ECF  upward  as 
^2  extends  in  the  positive  and  negative  direction. 
Restoration  is  provided  by  the  deterministic  force 
such  that  the  most  probable  positions  of 
the  ECP  correspond  to  those  points  of  minima  F 
and  maxima  /.  More  specifically,  the  vanations  of 
F(qj)  and  /(<?j)  with  qj  in  Figs.  4(b)  and  4(e)  are 
displayed  in  Fig.  5(a)  for  c/,  <  0  and  Fig.  5(b)  for 
>  0,  respectively.  Two  fixed  values  of  (rf,  )|  and 
(Jjlj  are  used  such  that  (d,),  <  (rf.O;  The  force 
A'-fq,)  tends  to  decrease  with  r/,.  This  results  in  a 
spread  of  the  F(q,)  and  /(q,)  curve  1  he  final 
trajectory  of  the  ECP  is,  therefore,  expected  to  be 
more  deterministic  as  r/,  increases. 

The  conditions  dF/dq-  =  0  or  q  ,  ’  0  Ic.id  to 


(24) 


which  gives  tlic  steady-state  equilibrium  condi¬ 
tions.  A  plot  of  q,  against  (/,/</,  is  gix'cn  m  I  ig  (> 
for  different  ratios.  They  represent  the 

st.ible  and  unstable  Ir.tjeclories  of  the  l!(  P  l  vv«' 
iliffcrenl  situiitions  prevail,  depending  on  whether 
</./r/,  >  0  or  <  0.  When  <•/,  =  0.  i/,  0  and 

</,-•().  cq.  (24)  gives  the  onlv  sohilioii  willi  I 
being  minimum  for  q,  0  which  corresponds  to  a 
stable  situation.  If  </,  >  0  and  i/,  >  I),  ilieic  icsiilt 
three  possibilities.  The  one  vvilh  F  being  a  local 
maximum  ami  q,  =  0  is  unstable  wlnle  the  remain 
ing  two  with  q,  =  j/d,  are  stable  and 


Ill  the  i/|(/--planc  iii.iv  be  delerniinecl  that  corre- 
spi'iKl  to  this  tr.msiiuni  Dilfeieiuiatiiii;  eq.  (21) 
with  respeet  to  setting  the  result  to  zero 

renders 

3<7,^-^=0.  (25) 

"3 


f  >g.  7.  Projcchoii  (>r  (he  bifurcation  manifold  of  the  poiciiiial 
in  di/dy  versus  d^/dy  space. 


In  view  of  eqs.  (24)  and  (25).  it  is  found  that 


where  dy  influences  the  scaling.  The  cuspoid  curse 
in  Fig.  7  is  a  graphical  representation  of  eq.  (26). 
The  region  within  the  cuspoid  corresponds  to 
positive  (/,.  It  represents  two  stable  and  one  un¬ 
stable  paths.  The  region  outside  the  cuspoid  corre¬ 
sponds  only  to  one  stable  path.  All  of  them  are 
steady-state.  The  manifold  of  the  critical  points  in 
the  {q,d-^d^)  space  and  their  projections  onto  the 
and  6/,r/, -planes  are  shown  in  Fig.  8.  The 
instability  characteristics  of  the  F.CP  correspond 
to  the  Riemann-Hugoniot  cusp  (75)  in  Fig.  8  and 
can  be  identified  with  eq.  (23)  [76], 

Finally,  the  parameter  dy  controls  the  distance 
between  the  two  bifurcated  paths  in  F'ig.  6  and  it 
can  be  related  to  the  crack  bifurcation  angle  with 
the  aid  of  a  criterion. 


5.  Physics  <  f  equivalent  crack  particle 

Consider  the  physical  coordinates 

'  </!.  y  q,  (27) 

such  th.it  the  trajectories  of  the  F.CI’  coinciile  wnh 
those  of  the  actual  crack  tip.  The  parabolic  bifur¬ 
cation  scheme  of  Fig.  6  in  the  -plane  will  be 
transferred  to  tlie  .rv-))lane.  This  is  shown  in  Figs. 
‘)(a)  and  9(b)  such  that  specifies  the  Ux'ation 
where  the  directional  instability  will  occur  and  0^ 


/(.  Mufuifutiiltts  /  {}m’i  luuuti  inKffih-.iiix  ^tftftuk 


o-.b./b. 

-  n'-‘ 


I  ic.  I  ransformalion  of  parabolic  bifurcalioit  lo  physical  behavior. 


is  the  crack  hraiicliing  angle.  The  analytical  ex¬ 
pression 

/>,  V  —  /'. 

r  =  r.(A  -  vj  (ZS) 

-I-  A  - 

describes  the  curve  (77|  in  Fig.  9(b)  with  U ^  being 
the  positive  asymmetrical  unit-step  function.  This 
eliminates  the  branches  of  the  curve  prior  to  the 
bifurcation  point.  The  unst.ible  path  is  obtained 
by  rearranging  eq.  (28)  into  the  form 

{bl  +  biX-)y-  -  (f/*(.v  -  .vJ]’(62.x  -  by)' y  =  0. 

(29) 

The  equilibrium  trajectories  of  the  ECP  repre¬ 
sented  by  eq.  (29)  will  correspond  to  the  ininiinae 
of  the  potential 

K  =  /t,  y  -  i  ( f/ .  ( ,v  -  ,r  J| '( h,  X  - 

+ A, x')/.  (30) 

in  which 


7^  -  tan  0,  . 


(30)  and  taking  into  consideration  eqs.  (32)  and 
(27),  it  is  found  that 


"5  -  »S"I  - ujii  Vg 


and  the  parameters  associated  with  crack  branch- 


A\  tan  fZ  />,//'.  (32) 

'I'he  sign  function  in  eq.  (31)  depends  on  whether 
the  bifurcation  angle  is  smaller,  equal  or  larger 
than  the  characteristic  angle  0^  which  corresponds 
to  the  bifurcation  angle  (78] 

By  comparng  the  coefficients  of  eqs.  (23)  and 


dy  =  k/. 


[byX  -  hyY 


dy  =  hi  +  byX'  . 

This  establishes  a  one-to-one  continuous  differen¬ 
tiable  transformation  of  Figs.  9(a)  and  9(b). 

There  remains  the  assessment  of  b,.  The  stress 
intensity  factor  ratio  the  circumferential 

maximum  stress  [14,15];  the  minimum  strain  en¬ 
ergy  density  [15];  and  the  maximum  dilatational 
strain  energy  density  [18-20]  have  been  all  sug¬ 
gested  as  po.ssible  criteria  for  crack  branching.  .A 
satisfactory  approximation  of  9^  is  [31]; 

0,=  -2~.  (-'4) 

z^i 

where  A'’,,  and  /(,  are  defined  in  terms  of  their 
static  counterparts  (A',,),  and  (A',),.  Here,  direc¬ 
tional  instability  occurs  in  a  distance  that  is  small 
compared  to  the  initial  half  crack  length  a. 
According  to  this  assumption,  the  dvnamic  stress 
intensity  factors  are  given  by  [79]: 

/^'i  -M<v)(a,),, 

.  .  (-’^) 
^11  ^  ^  ( 'V  )(  ^  II  )^- 

Iat.lc  1 

Van.Tiion  of  paranicior  h  a  fiincnon  of  Pt>is\t>n*s  ratio  v  P'J] 


v,h  n.04.S2  0  947^  0 ‘)4S4  0  44(.‘) 


J  (t  htifUHtfin  /  i  TnuKi!  in\i,if>}/n\'  t'i  <  nu  A 


ill  which  |31 1. 

(AT,  ).  =  {[(!  +A,,)-(1  -4jcos2/?Iy 


^  '’h,  |/h" 


(Ai,),=  ^^^(1  -  A,)  sin  2/? 


(.'6) 


Note  that  A^  =  <’4/'’,,  '"'"‘J 

a,=  -o.  T,„  =  0.  (27) 

The  quantity  A(()^)  in  eqs,  (35)  can  be  approxi¬ 
mated  within  2"  hv 


<.>f  tlie  !-.CI’  trajectory  at  the  instability  is  ob¬ 
tained: 


\_ 

21 


/l  '  f 


//' 

27 


(/».y  -  />,) 


"'{ ■ 

1 

f-or  small  angles,  eq.  (42)  becomes 
d,f  ^ 

d  V  ~  A'  I 


(42) 


(43) 


A-(t.v) 


(-5S) 


Idimiii.iling  li  r/d.v  in  eqs.  (42)  and  (43).  a  rela¬ 
tion  of  the  form 

/,(/>,-  />-.  />..  I',.  A„/A-,)  -0  (44) 


Here,  is  the  velocity  of  the  Rayleigh  waves  and 
A  is  a  function  of  the  Poisson’s  ratio  v  as  given  in 
Table  1. 

The  ECP  trajectory  at  the  onset  of  crack  bifur¬ 
cation  can  be  obtained  by  making  use  of  eq.  (30): 


b^  +  biX- 


(A,x  -  byY y 


bx 


A;  +  hyX- 


=  0. 


(-^9) 


The  only  real  root  is  found  to  be 
li  ■ 


V  = 


-A  + 


can  be  obtained.  It  can  be  solved  numerically  with 
respect  to  A,  when  the  remaining  parameters  are 
specified.  The  parameter  depending  on  A,  and 
by  lends  to  control  crack  bifurcation. 

Suppose  that  represented  by 

~  “  j  ^21  (  A’ ffc  —  A'f, )  +  <^22  ( to  —  r.:’ )  ] ,  (45 ) 

with  p  and  s  being  exponents  that  are  yet  to  be 
determined.  The  coefficients  and  djj  arc  also 
unknown.  In  eq.  (45).  K^h  is  a  critical  stress 
intensity  factor  associated  with  a  critical  crack  tip 
core  radius  at  the  onset  of  crack  bifurcation 
[27.45],  The  distance  corresponds  to  the  loca¬ 
tion  of  an  imaginary  small  crack  [4]  ahead  of  the 
main  crack.  For  a  crack  with  its  tip  traveling  to  a 
distance  .v,  K,  is  obtainable  from  eqs.  (35)  and 
the  first  of  eqs.  (36). 


+ 


-A 


lY 

27 


(40) 


A,  =  A(u,){[(l  +AJ-(1  -Ajeos  2/?]^ 


in  which 


(46) 


2{h;  +  Ikx') 


I'or  the  sake  of  simplicity,  r,,  will  be  found  from 
the  maximum  circumferential  stress  ‘  [27|: 


H 


(A;  +  l\x-) 


(41) 


Differentiating  eq.  (40)  with  respect  to  x.  the  slope 


r„=  K(iv.  u,.  ib)|^|  (47) 


A  heuer  choice  Wx>ul<J  l>c  it»e  luiinnuiin  stijin  cncfg\  klciiMts 
crilcrion. 


Jit  Si$fh->iumln\  /  ihrn  titfiil  m\f4ifuftf\ff  tnn  k 


riie  conlt.icititii  H  slaiuis  for 


(I  '  '0(2 +  ^v,-) 


r  3,v;)  -  16v,(.v,  -  v,) 

1  +  .V ; 


+  I6(l  +  Af )  I  , 


in  whicli 


I  0  .v; 

- - ^ ; 

4r,.v.  -  (l  +  .t;) 

A,'  -  1  -  0  •  <1.2. 


The  dilaia.ional  wave  velocity  is  t<|  and  distor- 
lional  wave  velocity  is  is.  Substituting  eqs.  (46) 
and  (47)  into  eq.  (45)  and  retaining  terms  with 
degree  less  than  or  equal  to  two  after  expansion, 
eqs.  (33)  and  (45)  may  be  equated  to  obtain  p  =  1 
and  s  =  1.  Hence,  eq.  (45)  becomes 

=  -(<^’1  +  +  2.v..(a'2,  +^2’)-'^ 

+  tl'n).  (50) 

provided  that 

^:i  ~  P-  I’ll.). 

,  R{u.,  V,,  ih)  '  , 

dzz-dji  '  -  A,. /J.  o,,  o„,) 

o.\. 


liquating  the  coefficients  for  quantities  in  eqs.  (50) 
and  (45)  with  like  powers  of  x  yields 


l>\  -)  /\  V  ■ 


3  = 


-h,b,  =  JS\<I,,KI  +  d..r^~ 


h]  )  /.,  V  - 

hi  +  h,x- 


From  the  above  relations,  hx/h,  is  determined; 

^ u. 

r*  =  - ; - r~-  (-’>4) 

which  corresponds  to  the  first  of  eqs.  (32)  for 
Accurate  predictions  of  the  crack  bifurcation 
h.ive  been  made  by  the  maximum  dilatational 
energy  density  criterion  [21 1.  A  slightly  nonlinear 
relationship  between  the  angle  6^  and  ratio  /<’: 
can  be  approximated  by 

..  Kc  (138  for  plane  strain, 

(?  =  -200—  +«.  a  =  {,.„  f  , 

V2  \  140  for  plane  stress. 

(55) 

This  linearization  gives  an  error  of  7%  in  one 
region  for  0^/02  =  0.623.  With  the  aid  of  eq.  (55) 
and  the  second  of  eq.  (32),  62/^a  'S  found  for 
plane  stress; 

lO'c  2il 


_  _  _ 
9  i\  9, 


S{", .  P.  u.i, ) 


F.qualions  (53)  can  be  further  applied  to  give 

.  .. 

.  _  [f2j-  f  ^  ] 

'  f,l  +  \  s  S' 

in  which  C  is  given  bv 
/.S'/r,6,  -  A  fh 


[^•(''.)r{l(l  +  (1  +A,,)eos  2ft]~ 


Without  loss  in  generality,  hj  may  he  arbitrarily 
set  to  unity.  The  critical  stress  intensity  factor  A 
and  critical  distance  r,  can  be  taken  as  (7|: 


(52) 


(59) 


J  it  Mit ht»f>tm/tt%  /  /hri'Ctiotut/  inMiih  flit  ttf  t  nil  k  /•riifni\;ti/nin 


IS7 


in  which  li ,  is  the  effective  inienKraek  length  at  a 
distance  ahead  of  the  running  crack.  T^c  static 
critical  .stress  intensity  factor  is  Values  of  ii 
f«)r  .si'ine  inet;tls  and  I’lc-viglas  (1*MMA)  can  Ik‘ 
found  in  (T].  Reported  in  (27)  are  r,.  values  for 
llonialite-UK)  and  in  (21)  for  I’le.sigl.ns. 

Finally,  the  parameter  Q  controlling  the  sto¬ 
chastic  characteri.stics  of  (he  crack  in.stability 
problem  is  also  an  unknown.  Sharpness  of  the 
probability  density  distribution  density  surface 
tends  to  increase  with  decreasing  Q.  It  controls 
the  stochasticity  of  the  directional  instability 
geometry  after  bifurcation  and  is  anticipated  to 
depend  on  microdefects  in  the  material. 

6.  Discussion 

Pre.sented  in  this  work  is  a  crack  bifurcation 
model  that  incorpor’lc.s  the  mflueiiee  of  micro- 
cracks  stochastically  and  dissipation.  An  equiv¬ 
alent  crack  particle  is  defined  whose  probabilistic 
'instable  behavior  is  shown  to  be  governed  by  the 
Fokker- Planck  equation.  The  coefficients  in  the 
mathematical  model  are  determined  from  availa¬ 
ble  experimental  observations  and  are  related  to 
parameters  made  use  by  previous  investigators. 

Mathematical  inconsistencies  (27,45)  in  previ¬ 
ous  works  have  been  removed  by  incorporating 
Ki^  and  into  a  single  statement  as  given  by  eq. 
(45).  The  necessary  and  sufficient  conditions  for 
the  onset  of  crack  bifurcation  are  satisfied  simul¬ 
taneously. 
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Appendix 

Fokker-Planck  equation 

Consider  a  probability  density  in  terms  of  Di¬ 
rac's  5-function  as  follows: 

P(v.  i) 

=  5|<7i (Al) 


where  q  is  a  random  posiiion  vector  of  the  F.C'I* 
and  is  a  solution  of  eq;  (14).  Differentiation  with 
respect  to  time  gives 

r{q.  r)=  -v{/*i/(r))  =  /*(<,.  r)=  -v(/'A'). 

(a;) 

with  /’  being  a  density  in  the</-space.  The  vehxitv 
vector  K  describes  the  deterministic  motion 
governed  by  eq.  (14). 

A  one-dimensional  motion  of  the  ECP  in  the 
(/(-space  can  be  obtained  by 

Pj  =  ^\q-qA‘)\.  (A-1) 

for  a  given  path  /  according  to  eq.  (,A1).  The 
average,  over  all  thc.se  patlis.  may  be  e.sprcs.sed  as: 

f(q,  l)  =  {P{q.  ()> 

=  Z  -  7,(/)|). 

I 

(A4) 

where  use  has  been  made  of  eq.  (20).  An  equation 
governing  the  probability  distribution  fiq,  t)  that 
is  amenable  to  evaluation  will  be  found. 

It  has  been  established  (70-72)  that  for  every 
Langevin  equation,  there  is  always  a  correspond¬ 
ing  Fokker-Planck  equation  (73,74).  The 
Fokker-Planck  equation  that  corresponds  to  the 
Langevin  equation  (16)  in  one  dimension  is  given 
by 

/=  — (AT/) -f  -4  .  (A5) 

oq  dq- 

The  force  K  sometimes  is  referred  to  as  the  drift 
coefficient  while  Q  is  known  as  the  diffusion 
coefficient  as  defined  by  an  expression  similar  to 
eq.  (12).  If  the  probability  current  I  is  defined  as 

/  =  (A6) 

then  the  Fokker-Planck  equation  takes  the  form 

/+4^=0.  (A7) 

dr) 

For  the  problem  at  hand,  the  Langevin  equa¬ 
tion  in  two  dimensions  may  be  written  in  terms  of 
the  components  of  the  vector^: 

V,  =  A',  + /•',((),  V:  =  A2  +  /i(/). 


(A8) 
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Ahstvact. 

The  propagating  crack  in  a  particulate  composite,  has  been  treated  as  a  system  to  be  identified,  such  a.s 
a  model  can  be  built  to  be  used  as  a  predictive  tool.  The  identification  process  is  being  applied  in  both  the 
space  of  morphology  of  the  bifurcated  cracks  as  well  as  the  space  of  the  behavior  parameters  charactetizini; 
the  cracks. 

It  is  shown  that  a  simple  of  lopologicaty  singular  polynomial  has  all  the  properties  needed  to  capture 
the  morphology  of  the  crack  after  the  critical  point.  The  isomorphic  relationship  of  this  polynomial  to  the 
potential  characterizing  the  equilibrium  of  an  equivalent  particle  is  also  presented. 

The  model  representetl  by  this  polynomial  i.s  trained  to  the  actual  experimental  results  e.iihcreu  I  . 
several  investigators,  in  the  form  of  a  difieoniorphic  tuning  of  the  coefficients. 

ill  order  to  extend  the  modelling  such  as  the  stochastic  character  of  the  panicle-mairix  inter, utiou  'vill 
iie  iiKor[oraled  the  Fnkk-rr-  I’lmn  k  equation  lias  been  proposed  to  replace  the  cla.ssir.ai  l.iimit'i  i"  eqiiaiioii~ 
ol  motion,  riiiis.  the  probality  deiusity  distribution  function  for  the  crack  tip  to  be  on  an  ex.ict  path 
[iropo.sed  to  more  efficiently  capture  the  non-deterministic  attributes  of  the  crack  propacanon 


A' 


1  Introduction 


The  instability  associated  with  crack  propagation  occurs  in  the  form  of  sudden  curving  or  sudden  bifurcation 
in  two  or  more  branches  for  no  apparent  reason.  Answers  to  the  questions  why  it  is  happening  and  when  n 
is  happening  have  been  attempted  by  a  host  of  investigators  since  the  very  early  days  of  dynamic  fracture. 
historical  review  of  the  proposed  theories  on  the  subject  is  presented  in  [1].  The  common  characteristic  of  all 
these  approaches  can  be  detected  to  be  that  they  employ  one  physical  quantity  which  when  exceeds  a  critical 
value  directional  instability  occurs.  A  plethora  of  different  quantities  were  introduced  to  be  responsible  (i.e. 
crack  speed,  dynamic  stress  intensity  factor,  energy  release  rate,  strain  energy  density,  dilatational  strain 
energy  density,  e.t.t),  without  a  clear  specification  of  which  conditions  were  including  the  simultaneous 
satisfaction  of  conditions  related  to  the  rest  of  them.  No  negative  experiment  was  ever  reported,  siicli 
as  refutation  of  the  criticality  or  participation  of  a  given  parameter  would  be  deducted.  It  seemed  that  all 
theories  were  yielding  relatively  accurate  predictions  for  narrow  classes  of  materials  (i.e.  very  brittle  isotropic 
and  homogeneous  materials  and  in  some  cases  ductile  materials),  and  they  could  only  judged  on  the  basis 
of  their  prediction’s  accuracy  when  compared  with  the  experimental  observations. 

The  underlined  skeletal  mechanism  of  these  approaches  involves  the  application  of  the  traditional  steps 
of  the  scientific  method: 

•  Initial  observation  of  the  phenomenon  in  the  physical  world. 

•  Initial  theory  formation  involving  hypotheses  in  terms  of  the  perceived  physical  parameters  winch  .n' 
juged  to  control  the  originally  observetl  phenomenon. 

•  Recreate  the  original  phenomenon  in  the  laboratory  by  devising  an  experiment  as  closely  to  the  .ti  iit.il 
conditions  as  possible  by  itiesuring  the  quantities  participating  in  the  initial  tin  orv 

•  If  the  measurements  agree  with  the  predictions  of  the  theory  then  the  theory  is  judged  in  he  arrept.tl  h 
otherwise  it  is  modified  to  a  new  form  and  the  process  is  repeated. 

The  second  .step  of  this  program  for  scientific  research  introduces  the  .as.sumpt ions  tn  i-de.l  h  r  tin-  tin  •  r\ 
will'  h  I  .III  I  'iili  !"■  h.L'.i'il  "M  I  ill-  r'.'i-.irchi-r  .s  '•xperience,  jiidgcnienl.  anil  iinih-rsi  atiding.  I  he  .-'iih jecl  m  in-" 
of  this  .approach,  together  with  the  miiereni.  char.alerislics  of  the  research  iiiedi.a  used,  create  .1  -imiur 
user-media  depenled  siLination.  ;\s  a  r<  sull  reiludaiicy  seems  to  he  the  obvious  hy-proilncl  charai  lei  i-i  i- 
of  these  theories  Issues  conreriiing  the  attributes  characterizing  the  theories  them.selves  (i.e.  coiisistem  i 
completness  and  decidability)  have  been  traditionaly  ignored.  , 


The  substantial  number  of  parameters  involved  in  the  dynamic  crack  propagation  process  increased  by 
the  host  of  parameters  characterizing  more  complex  material  like  composite  and  non-homogeneous  materials 
in  general,  together  with  the  inherent  weaknesses  of  the  traditional  method,  call  for  an  alternative  approach. 

The  particular  approach  suggested  here  is  a  system's  identification  approach.  The  methodology  involved 
in  this  approach  will  guarantee  the  objectivity  of  the  established  model  since  it  will  be  based  on  facts,  and  will 
carry  the  merits  of  the  formal  'Model  Theory  '.  in  terms  of  the  consistency,  completeness  and  decidability 
issues  involved.  The  program  of  a  system's  identification  methodology  considers  the  to  be  predicted  or 
explained  phenomenon  of  the  physical  world  as  a  process  or  a  system  to  be  identified.  It  can  be  briefly 
described  by  the  following  steps: 

•  Establish  the  dimensionality  of  the  observation  space  in  terms  of  the  number  of  the  state  (or  behavior  i 
and  input  (or  control)  parameters  involved  in  the  actual  process  to  be  identified. 

•  Create  a  laboratory  experiment  of  gathering  facts  from  the  physical  world,  by  simply  e.xposing  the 
process  to  discrete  paths  in  the  control  space  and  simultaneously  measuring  the  coresponding  paths  in 
the  state  space. 

•  Develop  a  model  in  the  form  of  figure  1  relating  the  state  parameters  involved  to  the  control  ones,  and 
train  it  to  the  gathered  facts  observed. 

•  Use  the  obtained  model  to  predict  the  state  of  the  process  for  a  given  excitation  in  the  control  space 

No  assumptions  related  to  the  homogeneity  of  the  material  or  the  non-dis.--ipativp  (rharacter  ol  the  pri.|. 
■igation.  or  the  stocha.sticity  of  the  void-particic-crark  interaction  processes  will  be  made.  rraditionall\ 
introduction  of  this  type  of  a.ssii  nipt  ions  uitroiliiced  undesirable  redudancy  In  our  tormah/.ation  the  aitiMi 
behavior  of  the  system  will  inform  the  system  via  us  training  process  what  .u  tiially  happens 

In  the  approach  followed  all  available  knowledge  ba-sed  on  oKservation  will  be  used  to  loiisiruci  lie 
iiimimal  functional  form  of  the  proce.ss  of  dynamic  fracture,  such  as  all  of  the  observed  behavior  chararierist  i,  ■- 
will  be  derivable  from  this  formulation. 


2  Modeling  the  Stability  of  Dynamic  Fracture. 

2.1  Problem  Definition. 

The  actual  physical  definition  of  the  system  to  be  identified,  is  described  by  ilie  following  postulates; 

Postulates. 

1.  The  crack  propagation  process  will  be  considered  in  two  dimensional  media.  The  equatic  ns  of  motion 

for  the  crack  tip  and  the  will  be  referred  to  a  cartesian  frame  of  reference  ,  as  in  figure  J. 

2.  The  loading  conditions  will  be  a  rectangular  stress  pulse  of  amplitude  a  and  duration  r  applied  along 
the  (  -  aJtis  rotated  by  an  angle  ^  relative  to  the  x-t  -  axis,  and  the  static  remotely  applied  loads  ctqi 
and  (Too  along  the  ii-  and  xj-  a-xes  respectively.  The  analysis  will  he  restricted  for  times  t  <  rf'l 

;l.  The  medium  will  correspond  to  an  infinite  specimen,  made  of  a  particulate  composite  material  with 
Young's  modulus  E,  and  a  Poisson's  ratio  ic. . 

4.  The  crack  lip  moves  with  an  average  constant  velocity,  which  can  be  considered  to  be  the  terminal 
velocity  of  the  crack. 

The  dimensionality  of  the  behavior  space  determines  the  number  of  the  dynamic  equations  needed.  Tli- 
functional  form  of  this  equations  will  be  selected  to  mach  the  actual  bifurcation  morphology  and  the  control 
parameters  of  participating  in  tins  form  will  be  inached  with  the  actual  plivsical  parameters  for  wiiuh 
measurements  exist  or  other  qualitative  facts  h.ave  been  gathered 

In  figure  we  can  see  a  schematic  rcpre.semation  of  the  specimen  and  loadings  a-s  well  as  the  respectr.' 
crack. 

The  behavior  of  any  dynamioal  system,  can  be  expressed  by  ns  spal  ioleinporal  charai  tcrist  k  s  r'qiresi  rite  : 
by  Its  behavior  parameters.  I'he.se  behavior  parameters  are  governed  by  a  set  of  control  parameiers  via  lie 
differential  equations  of  evolution  governing  the  system 

E.xistence  of  accurate  dynamical  eipiations  would  define  the  relationship  between  control  and  in  havs'i 
parameters.  However,  the  e(|iiaiioiis  ileriv.-d  up  i,,  nmv  ('.’  o.-ij  •'.■r  ii<iiii>>u.»  nia.iis  ni.au.i,  o-  no  -.-  q  ne  iii.  a  : 

■  'll  capi  Mr  mg  I  he  ilireci  loiial  iiisl  .ability  of  the  crack,  as  well  as  lh<'  slochaslir  at  l  rilmti--  ot  t  Im  in  lion  n  a.  an  oio 
'  tmlinuum 

.A  typical  representation  o|  gi  neralizi  il  ei|ii.iiioiis  of  motion  is  described  bv  l  he  c|a.ssical  d>  iiaiiiic  eipiai  loio 
of  the  form: 

(I' 


■C.  +  'J<  i'l  =  E'dC; ;  X, ).  i  =  1 , 2 


Here  gi  represenl  the  damping  constants,  and  represent  the  generalized  forces  driving  the  motion  of  the 
system,  whereas  x,-  and  Cj  are  the  state  and  control  variables  respectively.  From  the  systems'  identification 
point  of  view,  these  equations  could  be  trivially  extracted  as  the  systems  equations,  assuming  a  Taylor 
expansion  of  the  forces  in  terms  of  the  state  variables  x,-  is  available.  Provided  an  extensive  set  of 
data  referring  to  input-output  (control-behavior)  pairs  from  the  corresponding  spaces  were  available,  the 
coefficients  Cj  of  the  Taylor  expansion  would  be  evaluated  by  following  standard  identification  techniques  like 
regression  ,  quasilinerization  and  heuristic  identification  [24],  Since  no  such  a  data  base  is  readily  available, 
utilization  of  what  already  exists  in  terms  of  quatitative  and  qualitative  information,  will  be  invoked. 

primary  characteristic  of  the  crack  branching  phenomenon  is  that  it  occurs  after  the  crack  has  reached 
its  terminal  constant  velocity.  This  fact  has  also  been  verified  for  particulate  composites  [25.26].  The 
physicaly  two  dimensional  problem  is  reduced  to  a  m.Tthemaiically  one  dimensional  problem,  since  the  first 
of  eqs.  1  reduces  to  : 

xi  =  t’-  C^) 

Here  represents  the  constant  terminal  velocity  of  the  crack  along  the  X|  axis.  This  equation  is  uncoupled 
from  the  other  one  and  therefore  the  speed  along  the  ii  axis  and  the  quantities  associated  with  it  can  be 
treated  as  paramaters  for  the  system  represented  by  the  second  equation.  The  remaining  equation  of  motion 
after  elimination  of  the  acceleration  term  without  loss  of  generality  reduces  to 

x?  =  Tfdj :  jj)  jdi 

It  remains  to  esiabll.sh  the  I’uiictional  form  J-  l•anlu.-ln"  tlie  iudiasior  iM  (he  >\<trni  ,L.^  it  is  .'■howa  ;u 
figure  1.  by  insuring  that  crack  hifiircaiion  and  slochasticiiy  of  material-crack  interaction  facts  havo  lu'.  n 
accounted  lor  in  the  identilicatiou  process 

2.2  Bifurcation  Characteristics  of  Dynamic  Fracture. 

The  traditional  theory  of  dynamic  modelmg  indicates  that  only  non-lmear  dynamic  systenis  where  ihe  liriviue 
forces  are  non-luiear  I'linctioiis  of  i  he  Mate  variables,  exhibit  bifiitcaliorial  .iiid/or  •  h.ioiir  b.di.oii  r  V' 

It  iherelore  appropriate  in  iilili/e  the  '■miplesl  iion-liiiear  svstem  win.ii  uill  ile  Mpn.-  ii.  a 

[lalterii 

OKservalioii  ol  Iracl  uce<l  '.(u-iuiieus  .after  bifurcation  lulicates.  that  i  lie  a,.niiierry  ot  ilie  iravelled  ir.ijec 
lories  can  lall  in  any  ot  the  three  types  slumn  m  figure  (.>li1  when  they  are  viewed  oii  the  jq  -  x;  plane 
A  characteristic  functional  form  describing  these  three  inodes  of  bifurcation  corresponding  to  three  differeui 
ranges  of  the  paraineier.s  involve<|  can  be  generated  by  appropriate  combination  of  the  (losinve  a.s.syinetric.il 


unit-siep  function  [29]  and  the  bullet-nose  function  [30]  as  follows  : 

The  use  of  the  unit-step  function  eliminates  the  branches  of  the  bullet-nose  function  prior  to  the  bifurcation 
point  which  is  located  at  a  distanse  x,  from  the  origin.  It  can  be  verified  that  the  parameters  associated 
with  crack  branching  (the  critical  distance  from  the  origin  and  the  bifurcation  angle)  are 


Xe  =  A3/62  , 


fo) 


LanOf  =  62/64  ,  (6) 

The  constant  6s  actually  represents  the  sign  function 

6-> 

65  =  sgn(^  -  tant),)  , 

Oa 

which  depends  on  whether  the  bifurcation  angle  is  smaller,  equal  or  larger  than  the  characteristic  angle  0,j  a.> 
it  has  been  defined  in  (31).  In  order  for  the  trajectory  equation  to  be  meaningful,  the  constants  6,  have  to  be 
determined  in  terms  of  observable  and  measurable  quantities,  as  well  as  the  dynamical  equations  to  whicli 
this  behavior  corresponds.  To  achieve  this  we  rely  on  standard  statements  of  the  Hifurcation  [321  or/an  i 
Catastrophe  theory  [33].  Indeed,  according  to  these  theories  the  simplest  dynamical  system  with  one  -.tao 
variable  (  172  €  43  in  correspondance  to  xi  €  li)  e.xhibiting  bifurcalional  behavior,  is  the  aiitonomons  gradi-  ni 
system  of  the  form: 

■n  -■ 


where  /\?(i72)  is  the  force  corresponding  to  the  potential 


r  (-/•_,)  -  d,-/-. 


i 


trough  the  gradieiu  condition 


/'td'/-.’) 


dV 

il'l- 


Here  d,  P  D  .are  ihe  (anitrol  p.ir.iiii' ii-rs  tin-  -.v.i,  ,11 

1  he  ef|nijibriiiiii  ( .■'1  (Md  >  >1  al  e )  p<]iiii>  covrt'vpoinlinii  to  llii'  iiiiiiiiiiae  o|  the  poteiilMi  >iirt.iir-  ,!r- 
itTiiuned  by  (lie  condition  </ .  -  (1  or  dl  (y:-)/'/-/'.  il  Isiiii'e  the  ^v^It‘Ill  la  .i  gradieiil  one  t  1  lie  reMiiiin. 

eipiatioil  will  be 


.  d'y  d\ 

72 - T"7?  7"  — 

'h  'h 


The  graph  of  tliis  equaiion  in  the  r/j  — plane  (see  Fig.  4)  for  different  values  of  the  parameter  di/da. 
will  correspond  to  the  projection  of  the  locii  of  the  critical  points  of  the  potential  surface  on  this  plane,  thus 
defining,  the  stable  and  unstable  trajectories  of  the  system. 

For  the  c.^se  where  di  —  IJ,  the  only  solution  of  equation  (11),  in  the  case  <  0  ,  da  >  0,  is  the 

stable  one  (corresponding  to  the  minimae  of  the  potential  surface)  where  =  0.  On  the  other  hand,  in 
the  case  where  d^  >  0  .  ds  >  0.  we  find  three  solutions,  one  corresponding  to  q^  =  0.  which  evidently  i.- 
unstable  (since  it  corresponds  to  the  local  maximae  of  the  potential  surface),  and  two  other  stable  solutions 
qo  =  ±(|  do  I  /ds)*/*,  corresponding  to  the  two  local  minimae  trajectories  in  the  positive  d2ld:>.  half  plane 
of  figure  (4).  Clearly  the  point  where  dj  =  0  is  the  bifurcation  point.  After  following  a  single  path,  the 
system  may  follow  two  symmetric  to  the  d2-axis  paths  when  the  control  parameter  d^  from  negative  becomes 
positive.  Therefor  the  necessary  and  sufficient  condition  for  bifurcation  to  occur  is  the  zeroing  of  do 

Depending  on  the  sign  of  the  control  parameter  di,  as  it  can  be  seen  in  figure  (1),  we  may  have  a  curve.; 
non  symmetric  path  followed  by  the  system  instead  of  the  bifurcated  situation  mentioned  previously,  riie 
symmetric  behavior  is  broken  due  to  the  non  symmetric  minimae  paths  for  the  negative  dj. 

For  the  case  of  broken  symmetry,  when  we  gradually  change  di  from  negative  to  positive  values,  we  arrive 
to  di  =  0.  where  the  stable  steady-state,  becomes  unstable.  Therefore,  during  this  transition,  the  stahl. 
equilibrium  positions  are  exchanged  and  new  stable  positions  are  created,  i  e.  we  iiave  the  so  called  czchan'U 
of  stability.  The  initially  steady  state  position  after  the  bifurcation  point  reduces  to  an  unstable  steady-siati 
and  two  stable  steady-state  positions.  I  bis  scheme  m.ay  very  well  describe  the  crack  branching  process 
To  jiistifv  whether  Iwo  stable  .and  one  unstable  positions  will  .alw.ays  i  .i'cur  lor  p"sUive  t.iiiir,-  i.|  d-< .  i:.. 
-et  ol  ilie  critical  points  in  ilie  control  parameter  sp.ice  is  licterinincd.  .^iiice  ilie  parameter  d^  lots  (>iilv  a 
scaling  role  (see  equation  (II)  ).  the  critical  points  can  be  ^•stabllshed  on  the  ./i  -  d;  pi. me  PifiV  rent  lat  i  n  _ 

'  ■ne  more  tune  i  quatioii  ill)  «<’  olit.uii  . 

.,  di 

-  il.  .  1 

‘h 

Klinuiiatnig  now  the  behavior  parameter  f/-.  from  equations  ( 1  1)  and  (  I'J)  w.'  li  ivi- 

</i  ,  d,  , 

'  V.r,' 

I  he  gra(<lucal  represeiii  .n  k  ,|i  .  ■•(  i  Ins  I'qnat  ion  is  l  h»'  i  mpoid  .  nr  .•  iiniii  .n  >  <l  in  lie'i r '■  i  ■  >  I  ."id  n  d  1 1 1". 
the  roll!  rol  pat  anil  i  ,7  pi.iU'  in  I  wo  r  felons  fin-  region  w  ii  Inn  I  he  i  nspoid  .  or  respi  .nds  to  pol  elil  m  Is  "  h  l■'h 
lor  positive  values  ol  (/.,  |.r'sent  two  stable  sle.idv-slale  and  tine  unstable  steady-slate  paths,  while  evert 
Other  point  outside  the  ciispoid.  corresponds  only  to  one  slahl«  steady-slate  [lalh.  In  tigiire  (.a)  we  can  also 
see  for  different  combinations  of  the  control  p.ar.ameters  corresponding  to  ilii‘  location  of  the  bl.ack  dots,  ihi’ 


form  of  the  potential. 

In  Figure  (6)  we  may  observe  the  manifold  of  the  critical  points  of  the  potential  in  the  qo  —  d-i  —  <1\  space, 
and  its  projections  onto  the  -  q-t  and  —  d\  planes. 

It  has  been  shown  [.33, 27, .32],  that  all  of  the  above  mentioned  characteristics  of  the  instability  of  'he 
system  correspond  to  the  Rtemann-Hugoniot  cusp  catastrophe  shown  in  figure  (6),  which  has  a  universal 
unfolding  identical  to  the  potential. 

The  dependence  of  the  stable  paths  of  the  system  is  therefore  summarized  as  follows.  The  control 
parameter  di  according  to  figure  (4),  controls  the  location  of  the  dominating  steady-state  stable  trajectory 
which  has  the  characteristics  of  a  curved  crack.  The  control  parameter  do,  according  to  figure  (2),  controls 
the  location  of  the  bifurcation  point,  since  for  its  sign  change  we  obtain  different  set  of  stable  trajectories 
Finally,  the  parameter  d,i  controls  ll.e  riislance  between  ilie  two  bifurcated  paths  in  figure  (2).  and  ;t  can  he 
therefore,  correlated  to  the  criteria  yielding  the  crack  bifurcation  angle. 

The  ne.xt  step  is  to  establish  a  transition  from  the  gradient  system  of  the  bifurcation  behavior  of  figure 
(3a),  to  a  system  with  a  bifurcation  behavior  of  figure  (3b).  In  terms  of  model  theory  what  is  needed  can  be 
described  by  the  comutation  properties  of  the  diagrams  in  figures  ( la)  and  (lb)  when  refering  to  the  dynamic 
equations  which  can  be  equivalenced  to  the  figure  (Ic)  when  refering  to  the  potential  formulation.  The  main 
difference  between  the  two  systems  resides  in  that  in  figure  ( lb)  the  state  or  beh.avior  parameters  are  the  tim-' 
velocities,  while  in  figure  (Ic)  the  ^tate  parameters  are  the  average  trajectories  as  they  represent  the  stable 
trajectories  of  the  system,  Therefore,  iiisie.ad  of  idertifyiiig  directly  the  actual  .s\stem  represented  l.y  ilu 
upper  morhisms  of  figures  i  lb, cl.  ilie  fiiiutioual  form  of  the  s.siein  lorresponuii,'.;  lo  the  hiw.  r  ii:i'rpiii.':M' 

of  figures  (Ib.c)  h.as  been  e>tablishei!  in  terms  of  our  bifurcational  requinnu  nls  A  >mooih  diilereiit  mi 

transformation  is  needed  to  map  the  bifurcation  behavic-r  of  die  modelli"!  jsi,  rn  :  ■  dir  "ne  "f  dir  .u  iii.i, 

-ysierii.  .such  a.s  a  transition  from  liL,ure  (y,a)  lo  !  ".lire  (lib)  i  a-i  be  :(i  bie\.e.i 

It  is  trivial  to  .show  that  the  potential  corresponding  to  the  aradieiit  system  unti  t  ra  e  c  t  or  ii  s  corii  ;  , 
the  rearraiii;enieiil  ot  eijiiation  I  I)  .such  as  it  will  nichnie  the  imslable  path  along  the  j-.  ,ixis 

{l’~,  --  r .- )|‘ ( 1' ,  j- ;  ,  i  ,■  i 

•••  ill  be  1  hr  '  'Hr  g.iven  by 

{ti-.  •  'h\j' ;  1  , 

/  (j  .l  -  -|r.(J'|  -  im)|”J..  i  - j - r.l  I  I  '' 

Kmploymetit  of  j,  —  </,  for  the  morphism  /i*  implies  through  the  compnsition  rules  of  partia  I  futictioii- 

» 

of  polynomial  lorin  that.  r(</-_.)  =:  f  (x;)  for  the  inorphi.sni  h„.  As  a  result  the  morphism  /i-  can  be  deduced 


by  comparing  the  coefficients  of  equations  (9)  and  (15): 

d,  =  fc,  . 

d,  =  [lU(x,  -  Ji))  .  (IG) 

Oo 

da  =  6^  +  bnx\  . 

The  maps  expressed  by  the  morpliisms  and  /ij  in  figure  (Ic),  represent  an  injective  continuous  dif¬ 
ferentiable  transformation  of  the  figure  {8a)  to  the  figure  (8b)  and  therefore  it  constitutes  a  diffeomorphic 
transformation.  Also  all  the  maps  needed  for  establishing  the  comutability  of  the  diagram  in  figure  ( Ic)  have 
been  established. 

The  deterministic  bifurcational  morphology  of  the  average  path  of  the  crack  has  been  identified  to  be 
represented  by  the  functional  form  of  the  deterministic  force  A’sir/s)  as  it  is  defined  through  relations  (01 
and  ( 10). 

2.3  Stochastic  Characteristics  of  Dynamic  Fracture. 

Experimental  works  [Sd-ilS],  have  indicated  that  microcracks  and  microvoids  are  present  in  the  material  and 
they  are  nucleated  as  the  main  crack  propagates.  They  can  further  coalesce  neat  the  crack  tip.  leading  to  a 
decrease  in  the  local  stress  intensity  and  increase  in  the  local  compliance.  The  shape  and  the  size  as  well  as 
the  spatial  distribution  of  these  defects  are  certainly  parameters  with  stochastic  characteristics.  .Moreover, 
it  has  also  been  observed  ['25.26],  that  in  particulate  composites  an  additional  set  of  stochastic  parameters 
contribute  to  the  characteristics  of  the  dynamic  fracture.  Such  parameters  are  the  ones  oharacien/.ini:  tic 
shape,  the  size  of  the  panicles,  the  adhesion  (piality  between  the  particles  ntul  the  luaUi.';  mainly  controlled 
by  the  intetphase.  tbe  type  of  dispersion  and  the  amount  of  particle  agglomeration  All  of  tluse  parameter' 
seem  to  possess  nonuniform  disi ribnt ions  over  the  spaiial  domain  of  the  m.aierial 

To  account  of  ad  these  different  slorha-stic  elfects  the  ilriving  force  will  be  considered  lu  have  a  stocha.siu 
component  F{t).  The  deiermmtslic  pan  accounting  for  the  loailing  and  geomeirv  iiiteractums  will  he  A-,  .v' 
It  defined  hy  relations  (10)  and  (9)  F.quaiion  (8)  .a,s  the  i.somorphic  e.vpresMoii  of  >  (|u.iiion  la)  i  an  thus  i  i 
presented  a.s  a  semistoch.asi ic  I miqi  int  e.|iian(in  "f  inntioir 


-  A -b  /■  (/)  ■  i  ‘ 

1  he  .siocha.stic  lorce  I  it]  i  ui  he  cunsidered  to  represent  the  impulses  applied  by  the  imcrodelecls  ami 

the  particles.  If  the  duration  ol  l■acll  single  inipiil.se  interaction  is  very  small  such  as  Dtrac  s  8  -  liiiiclioii  c.m 

« 

be  employed,  it  has  been  shown  jlj  the  lotal  force  e.xerted  by  all  sources  in  tbe  rcuirse  of  litiie  is  ilerived  l'\ 


The  staibility  analysis  in  terms  of  the  potential  V'  of  the  deterministic  system,  can  be  reduced  to  the 
stability  analysis  of  the  real  semi'Stochastic  system,  since  the  probability  density  distribution  function  /. 
has  been  expressed  in  terms  of  V  .  through  equation  (24).  The  equivalence  between  the  modeled  and  the 
original  system  is  now  guaranteed  through  the  commutative  diagram  of  figure  (Ic). 

Plotted  in  Figures  7(a)  to  7(c)  inclusive  are  the  potential  surfaces  in  the  V  —  —  d-^  space  obtained 

from  equation  (9)  and  Figures  7(d)  to  7(f)  inclusive  arc  the  probability  density  distribution  surfaces  in  the 
f  —  <12  —  di  space,  computed  from  equation  (24)  for  fi.xed  values  of  di.dsandC?.  Note  that  the  random  force 
F{t)  drives  the  system  upward  as  q-t  extends  in  the  positive  or  negative  direction.  Restoration  is  provided 
by  the  deterministic  force  Kiiqi)  such  as  the  most  probable  positions  of  the  system  correspond  to  those 
points  where  V  is  minimum  and  /  is  maximum.  For  the  sake  of  the  real  crack  system  the  statement  closer 
to  reality  should  the  one  refering  to  the  maximum  points  of  /. 


Table  1:  Variation  of  parameter  /i  as  a  function  of  Poisson’s  ratio  Ur  according  to  Ref.  [dS) 

3  Model  Training. 

The  training  process  involves  the  calibration  of  the  control  parameters  i),.  such  as  the  already  existing 
experimental  observations  and  experience  in  the  form  of  valid  and  quantitavely  accurate  criteria  can  be 
utilized. 

It  has  been  already  verified  from  figures  (4),  (6),  and  (7),  that  the  asymmetry  characteristics  of  the 
directional  instability  of  the  potential,  are  essentially  governed  by  the  d\  control  parameter.  Therefore,  the 
crack  curving  mechanism  can  directly  be  associated  v.-ith  the  values  of  this  parameter.  It  has  been  claimed 
many  times  in  the  past  that  the  more  essential  parameter  controling  the  crack  curving  process  is  the  ratio 
of  the  stress  intensity  factors  K///K/  Most  of  the  available  criteria  conclude  this  result  either  by  solving 
analytically  the  trigonometric  equation  expressing  the  maximum  of  the  circumferencial  stress  [42,43],  or 
solving  numerically  the  transcentental  equations  expressing  the  minimum  strain  energy  density  [43]  or  the 
maximum  dilataiionai  strain  energy  density  [44.45.4^1.  A  satisfactory  approximation  of  the  crack  curving 
angle  0^  will  be  given  by  the  relationship  [47] 

iK  =  -2^  .  126) 

K/ 

where  ilie  sires.s  niten.sity  factors  of  the  propagating  cr.ick  will  be  deliiied  in  terms  ol  their  static  valne- 
case  the  tlireclional  instability  occurs  in  a  distance  which  Is  small  compared  to  the  initial  semi- 
ieiigih  a  of  the  cr.ick.  .According  to  this  tLssuniption  the  dynamic  .slre.ss  nitensny  factors  will  be  defined  frtnn 
lite  expressions  l-titj  : 

K|  =  ,K;;  =  tV  )  l\  /  / ,  .  ' 

where  itf  tv )  can  bo  approximated  witliiii  '1'7<  .in  llie  range  0  <  i,  <  i  by 

I  1  .  \ 

.  I  ,  I  - r: 

( 1  /m 

Here,  in  i.s  the  >eiority  the  iuiiiietiih  waves  .and  h  i.s  a  lunrlion  '4  the  I'lasseii  s  r.itin  /'  .h  aa 'rdiiie 
fable  1 

The  static  values  of  the  stress  intensity  factors,  .accortling  to  the  geometry  of  figure  (2a)  can  be  found  in 
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3  manner  analogous  to  that  followed  by  Kerkboff  (■11’),  to  be: 

Kf.  =  {[(1  +  <■■»)  -  (  I  -  kb)cos23]Y +‘^0y}\/^  ■  ^iis  =  [^(I  -  <:»)sin23]v^  .  (29) 


and  the  biaxility  factor  defined  by 


<T(  =  -<r  .  a,,  = - .  rj,  =  0  , 

—  1 


af  _  u,  -  1 
*.»  —  —  — 


Therefore,  the  ratio  of  the  stress  intensity  factors  is  completely  defined  in  terms  of  the  external  loading 
geometry  through  relations  (26-29)  This  can  help  establish  the  first  of  the  control  parameters.  Indeed,  the 
equilibrium  condition  for  the  potential  e.xpressed  by  equation  (15).  yields  to  the  cubic  equation  of  the  form. 

dV  -  St))'  ,  ,  t  s2  ,  n 

=  xi - ^ - (6311  -/-a)  X2-f  p— — r  =  0  .  (32) 

dx2  '  65 -r  6sii 

and  the  only  real  root  of  it  will  be  given  by  : 


•  1  =  t-vt; - r — rr  •  B  =  - p7  "'~r — ^ - -  h)  • 

2(65-1-65x7)  65-+-65Xi 

Differentiating  now  equation  (33).  with  respect  of  C|.  we  obtain  the  slope  of  the  system  s  trajectory  ai 
the  instability  point  corresponding  to  the  curving  point  of  the  crack  : 

i/xy  _  1  .  '  -.-1/2 

dx\  27 '  27 '  (63x1  —  63) 


|i_  .1 +(,,-' +(-,(- (.1- 


tii 


This  .slope  for  small  angles  can  be  approximated  by  the  value  of  the  angle  itself: 

'Ifl  ^  (3( 

./x,  K/ 

[Iv  equaling  now  the  right  li.uul  'i.i--.  .■!  ■•qii.ii  a  ui'-  l.■^l.:^'l,  .ve  ..i.t.uii  ,1  iiigi'.  lar.iiu'.it  .eceiiin.  .'iiiaiu 


uf  the  l>  pe. 


1 1  (  6,  ,  .  6;i.  6 , .  K  /  ( /  K ;  )  -  It  . 


which  can  otily  be  solved  numerically  with  respect  «)f  6| ,  provided  that  the  rest  of  the  6,  parameters  .ire 
known. 


It 


Compared  to  the  critical  velocity,  the  concept  of  the  critical  stre^  intensity  factor,  seems,  funciionins 
better  as  the  quantity  which  if  exceeded  yields  to  bifurcation  of  the  crack  or  directional  instability  in  general 
[49-52].  A  fact  which  has  been  also  observed  experimentally  by  Ravi-Chandar  and  Knauss  (36)  as  well  as- 
by  Ramulu  and  Kobayashi  [53.38].  A  second  quantity  participating  in  the  instability  making  mechanism  ol 
the  crack  seems  to  be  the  characteristic  distance  of  the  crack  tip  from  a  point  ahead  of  it.  where  the  stres.ses 
have  some  characteristic  values  such  as  the  micromechanical  inhomogeneities  at  this  range  become  active 
enough  to  bother  the  crack  propagation  trajectory.  Although,  this  distance  ro  was  initially  proposed  by 
Congleton  [49]  as  the  distance  of  an  imaginary  small  crack  ahead  of  the  tip  of  the  main  crack,  it  has  been 
recently  associated  with  the  radius  of  the  so-called  core  region  by  Ramulu  and  Kobayashi  [53,38].  In 
fewtt,  they  proposed  a  criterion  (38),  to  describe  the  directional  instability  of  the  crack,  which  utilizes  both  the 
critical  stress  intensity  factor  K/k  and  the  critical  distance  r^.  This  was  expressed  in  terms  of  the  followin'.; 
relationships  : 


K;  >  K/6  ,  (38) 

To  <  <v  .  (35) 

Relation  (38)  is  the  necessary  condition  and  relation  (39)  is  a  sufficient  condition  for  this  criterion.  It  is 
unfortunate  that  we  have  two  separate  *"’,uaiions  for  the  necessary  and  sufficient  condition  .  and  therefore 
the  criterion  lacks  of  mathematical  consistency,  although  it  is  physically  consistent  and  produces  very  good 
predictions. 

One  way  to  remove  the  inconsistency  ,  is  to  utilize  the  two  separate  conditions  of  the  criterion  proposed 
by  Ramulu  and  Kobayashi.  to  derive  one  single  necessary  and  sufficient  condition,  by  expressing  the  comrci 
parameter  d;  .  in  terms  of  the  stress  intensity  factor  and  the  critical  distance,  such  as  relations  (38,39)  will 
still  be  satisfied  simultaneously  Since  at  the  bifurcaticu  point  the  control  parameter  d-t  hecmnes  zero  it  h.i' 
to  be  linearly  dependent  on  a  term  containing  the  sum  of  the  .squares  of  the  quantities  corresponding  to  tin 
conditions  (38),  and  (39).  It  can  be  proven  fairly  easy  .  that  such  a  result  can  be  obtained  by  introducing  ' 
relation  of  the  form  : 

d.  ::  -\dn{K’;,,  ^  K^,l-  4  d:-,(r'.  r')-!  ' 

The  exponents  p.s  and  the  unit  compatibility  coefficients  are  to  be  determined 

The  instantaneous  stress  tnleiisity  factor  of  the  propagaliiig  crack  with  ii>  up  ui  a  diniaiice  z-  '  .  ii  i  > 
found  for  mode  one.  by  combining  reiations  (37)  and  (38), 

l\;  r(v,){[(  I  +  -  ( I  -  l-»)cos3,^j^  +  (Tn,j  |\/a^  'll* 

l'> 


For  the  sake  of  simpicily  the  maximum  circumferential  stress  criterion  was  used  for  determining 

r,  =  R{Vf,  1/,.  t;>)(  — )■  .  (12) 

IToi 

The  contraction  R  represents  a  <|uantity  which  is  a  function  of  the  dilatational,  and  the  distortional  wave 
velocities  vj  and  no,  and  it  is  defined  in  [1].  Substitution  of  equations  (41  and  42)  into  equation  (40),  and 
truncation  of  terms  above  second  degree,  yields  p  =  2  and  s  =  1.  and  : 

do  —  — (doi  T  “h  2x^(d'n  4*  —  ^c(^2i  ^  ^22)  »  (*1^) 


provided  that 


do,  =  doi  S(  IV,  i'f).  J.  O’,,.  O-oo),  do;  =  J.  CT;  .  1702)  .  (4-1' 


5(  IV,  i'6,  d.  <7;  .  (To?)  —  “'[^'(tv  )p  {((  1  —  Iv)  +  (  1  +  Ici,)  cos  2^)-^  r  7'02}^  ■  (45) 

Equating  the  coefficients  of  like  powers  of  X(.  between  equations  (43)  and  (40),  and  after  some  algebra 
the  ratio  b^jb-y  is  defined  : 

5?  \/5(d2,Kjj  +  doo/v^/c^ni) 

which  corresponds  to  equation  (5)  for  r^. 

The  most  accurate  predictions  of  tlie  cr.ack  bifurcation  liave  been  made  by  the  ma.ximum  dilatational 
energy  criterion  [46]  .  Tlie  slightly  nonlinear  relationship  deduced  from  this  criterion  between  the  amtle  4 


and  the  ratio  tv/c?  can  be  ;ippro.\imaied  by 


.,,^1  I'jj; 


for  plane  strain 
for  plane  stress 


With  the  aid  of  this  equation  and  etpiation  (0),  is  determined  for  plane  stress 


/>■<  ,  11)  I'.-  7 

=  ,an[7(---  +  -)i 


The  arldifional  eonslant.s  i-.in  be  derermim-d  alsu  to  K.-  f|' 


,/  -  il  j.|'en|(  ^  -  b'f 
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in  which  (  ■  IS  ''iven  bv 


\/Rb-,b^  - 


(  ■  := 


Without  loss  of  generality,  may  be  arbitrarily  set  to  unity.  Tlie  critical  stress  intensity  factor  Kjt,  and 
critical  distance  can  be  taken  as  [52]  : 

Kfk  =  ,  n  =  —  (.51) 

in  which  Oa  is  the  effective  mictocrack  length  at  a  distance  ahead  of  the  running  crack.  The  static  critical 
stress  intensity  factor  is  K/^.  Values  of  n  for  some  metals  and  Ple.\iglass  (PMMA)  can  be  found  in  [52]. 
Reported  in  [53]  are  r,  values  for  Homalite-100  and  •;»  [54]  for  Ple.Kiglas. 

Finally,  the  paramater  Q  controlling  the  stochastic  characteristics  of  the  crack  instability  problem  is  also 
an  uknown  to  be  determined.  Decreasing  Q  results  to  an  increase  the  sharpness  of  the  probability  density 
distribution  surface.  It  therefore,  controls  the  stochasticity  of  the  directional  instability  geometry  after 
bifurcation  and  it  will  depend  on  the  the  distribution  of  the  microdefects  the  particles  and  their  size  .xs  well 
as  volume  fraction.  Unfortunately  this  is  the  essential  parameter  which  cannot  be  matched  to  e.xperimental 
data,  suggesting  the  need  of  an  e.ttensive  e.vperimental  program. 

In  the  training  process  described  up  to  now  the  minimal  set  of  required  control  parameters  6,  i  = 
1,2,3, 4  has  been  trained  to  match  a  host  of  material  characterizing  quantities  and  geometry  and  loading 
parameters.  More  specifically  equations  (37,46,48,49.501  can  be  viewed  as  the  partial  functions  mapping 
the  physical  control  parameter  space  to  the  mathematically  required  control  space.  Thus  the  iiuantities 
t),.,  r...  a„,  I’l .  It.  K/c  (material)  and  (Zoi .  foz,  f,,  (loading)  and  6, a  (geometry),  have  been  matclied  with 
the  ft,  parameters.  Willi  the  emphasis  here  being  on  paniculate  composites,  it  seems  that  the  maieri.al 
control  parameter  space  can  be  furthermore  parsed  to  those  of  the  filler,  to  those  of  the  mairi.v  and  to  those 
ol  the  mterphase.  lor  this  con.suieraiion  mixture  theories  .are  necessarv.  .Sometimes  these  theories  iiitrodiiir 
empirical  quantities  which  as  a  re.siilt  incre.ase  the  dimensionality  of  the  actual  control  .space  In  [.55,5r>l  tin 
pos.sible  ways  <i|  imidemantiiig  the  char.acteristics  ol  the  ihre<-  pluases  involved  m  the  rompoMte  to  derive  tie 
bulk  properties  ol  the  composite,  arc  given  In  (25,2(>|  has  heen  established  that  the  critical  leriiimal  veloriiy 
ol  the  crack  in  tlie  composite  iv  is  a  linear  lunction  ol  the  filler  volume  fraction  for  Fe  particle  romfir’sifes 


4  The  Dissipative  Oscilating  System  -  Discussion. 

The  system  identified  to  posess  all  the  phenomenological  characteristics  of  the  crack  instability  observations, 
tis  given  by  the  equations  of  motion  (2)  and  (17),  with  a  driving  deterministic  force  given  by  equations  (10) 
and  (9): 

—  daq?  >  (52) 

is  nothing  but  a  non-lincarly  oscilating  system.  A  system  which  is  isomorphic  to  an  oscilating  (about  the 
(ji  or  j:i  axis)  particle  which  in  the  same  time  travels  along  the  x\  axis  with  a  constant  velocity  as 
equation  (2)  suggests.  This  particle  oscilates  and  the  influence  of  the  recovering  linear  spring-like  force  d-^q^ 
corresponding  to  a  perfect  material  without  deffects  and  particles,  and  under  the  influence  an  opposing  non 
linear  spring-like  force  Figure  9  shows  that  the  area  OCQ  represents  the  energy  spent  for  deviating 

the  particle  from  its  average  path  along  q\  or  xi  by  an  amount  OC.  The  area  OC’Q  represents  the  amount 
dissipated  by  the  microcracks  and  filler  particle  interaction  with  the  crack  tip. 

It  is  of  dramatic  importance  to  realize  here  that  it  is  this  nonlinear  term  which  can  be  attributed  to  the 
dissipative  .mechanisms  of  the  dynamic  fracture,  which  is  responsible  for  obtaining  the  topologically  singular 
potential  exhibiting  the  bifurcation  and  curving  behavior. 

The  semi-stochastic  cliaracter  of  the  bifurcation  process  has  been  captured  by  the  implementation  of  the 
probabiltity  density  distribution  for  the  crack  tip  to  be  at  a  given  trajectoiy.  This  probability  function  has 
been  derived  to  be  the  solution  of  a  I- okl:er- l^lanck  equation  corresponding  to  a  Lanjei’inequation  of  motion, 
and  it  has  been  expressed  in  lertns  of  the  potential  corresponding  to  the  deterministic  gradient  system. 

All  necessary  cotiiiol  ii.ir.uneters  iiave  been  matched  to  the  physical  partimeters  conlrollitig  the  behavior 
of  the  system  by  appropriate  traitittig  of  the  model  through  diffeomorphic  tuning  techniques. 

i' inally  tlie  ilescribed  model  is  romplelelv  based  on  actual  I’xperimental  observations  or  theories  .iiul 
eriteria  tilling  experimenlai  ob.si  rvatioiis.  ['Iierefore.  if  the  behavior  surface  established  hy  appropriate 
combinations  of  the  control  fiarameiers.  is  coiiiiimous  (locally  tial).  and  the  char.icterizing  the  ohservaiion.-- 
are  ol  zero  order  of  reality,  .iiid  as  composition  rule  the  iisusal  functional  composition  is  used  then  the  model 
is  guaranteed  to  give  acciiiale  predictions  for  every  c'.iiipmatioii  of  llie  physical  control  parameters  lyinc 
I  .'tive-ll  lli,.-.,'  Cl  Ml  ll 'lll.ll  li  Hi-'  'j-.'d  |.M  till'  ll.Jllllllg  pru,--.-- 

A  know  lodgment. 

l)r,s.  I’ \\  .  .Mast  and  (■  I,  N.tsh  .ire  gr.'ili’fullv  akiiowledged  lor  the  eMihi  r.inl  |oy  lollowing  the  inenia! 
growth,  alter  the  inihrlion  ol  the  pain  following  their  restless  slimiihition  on  the  i.ssiies  ot  pushing  towards 
the  objective  scientific  method  ,xs  an  insl.auce  of  the  general  process  of  research  induslnalizanon  .as  a  product 


of  oiir  *Meta*researcK~  activities.  Drs.  R.  Dadaliaiice- anti  I.  Wollock  are  also  gratefully  aknowledged  for 
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Figure  Captions 

1.  Diagramatic  comuiaiive  descriptions  of  the  equivalence  between  the  natural  and  the  modeled  problem, 
in  a  qualitative  (a),  a  functional  for  the  equations  of  motion  (b).  and  a  functional  for  the  potentials  of 
the  corresponding  gradient  systems  (c),  domains. 

2.  Schematic  representations  of  the  problem  and  the  associated  geometry,  loading  and  micromechanical 
characteristics. 

3.  Diffeomotphic  transformation  of  the  bifurcation  scheme,  from  the  parabolic  (a)  to  the  actually  realized 
e.xperimentally,  bullet  nose  scheme  (b)  . 

-f.  The  stable  and  unstable  trajectories  of  the  system  in  the  d-;  —  ij^  plane. 

5.  Projection  of  the  bifurcation  manifold  of  the  potential,  in  the  dj/da  -  dj/da  space,  deciding  for  the 
stable  and  unstable  combinations  of  the  control  parameters. 

6.  The  equilibrium  manifold  of  the  potential  <is  it  is  represented  from  its  bifurcation  set  with  its  projec¬ 
tions. 

7.  The  potential  (a.b.c)  and  prob.abilily  density  distribution  (d.e.f)  surfaces  in  the  do  -  ijo,  for  d\  <  .  = 
.  >  0  respectively. 

S.  \ariations  ot  deterniinisiic  force  for  '/j:  conseriui ive  and  dissipative. 
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Abstract 

A  completely  phenomonological  approach  is  formulated  for  identi¬ 
fying  the  nonlinear  constitutive  behavior  of  composite  materials  and 
characterizing  the  degree  of  load-induced  internal  damage  in  arbitrary 
structures.  The  constitutive  behavior  and  the  energy  dissipated  by  in¬ 
ternal  failure  mechanisms,  the  latter  being  characterized  by  an  energy 
dissipation  function,  are  deduced  by  means  of  a  deconvolution  pro¬ 
cedure  using  an  extensive  set  of  data  furnished  by  NRL’s  automated 
in-plane  loader.  Use  of  this  information  as  a  failure  analysis  and  pre¬ 
diction  tool  is  demonstrated  by  simulating  the  structural  response  of 
a  ship’s  mast  made  from  several  different  composite  materials. 
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1  Introduction 


The  use  of  composite  materials  in  structural  components  has  increased 
dramatically  in  recent  years  and  they  are  currently  being  employed  in  a 
large  number  of  applications.  Moreover,  this  trend  is  expected  to  accelerate 
as  the  cost  of  producing  these  materials  declines  because  they  offer  many 
significant  advantages  over  the  more  frequently  used  monolithic  materials. 
Some  of  the  more  prominent  features  of  composites  are 

•  The  ability  to  readily  modify  the  material  and  tailor  its  mechanical, 
electromagnetic,  and  thermal  properties  to  specific  applications. 

•  Tolerence  of  extreme  environments. 

•  Significant  weight  savings. 

•  Superior  damage  tolerence. 

As  desirable  as  these  features  may  be,  however,  they  can  be  fully  exploited 
in  a  structural  setting  only  by  having  a  highly  developed  understanding 
of  the  innate  mechanical  and  failure  behavior  —  an  understanding  far  in 
excess  of  what  is  currently  known. 

The  basic  obstacle  in  reaching  the  required  degree  of  understanding 
is  the  sheer  complexity  of  the  observed  mechanical  behavior.  In  particu¬ 
lar,  composites  are  generally  highly  anisotropic,  strongly  nonlinear,  and, 
unlike  metals,  usually  fail  in  an  extremely  complicated  spatially  diffuse 
noncatastrophic  manner  [1-3].  Past  approaches  to  failure  characterization 
and  prediction  for  these  materials  have  not  adequately  addressed  this  com¬ 
plexity  and  typically  represent  attempts  to  apply  extensions  of  the  linu  - 
tested  techniques  developed  for  metals  using  overly  simplistic  models  based 
on  linear  elastic  fracture  mechanics  and/or  determ'mistic  or  statistical  mi¬ 
cromechanics.  These  analyses  have  proved  largely  unsuccessful  because,  to 
a  great  extent,  they  are  based  not  on  observed  fact,  but  rather  tend  to 
utilize  models  defined  over  low  dimensional  parameter  spaces  which  reflect 
preconceived  notions  of  the  dominent  failure  mechanisms. 

Unfortunately,  this  methodology  is  not  adequate  when  dealing  with 
composites  (and  probably  metals  as  well)  because  the  failure  events  are 
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far  too  varied  and  complicated  to  be  well  represented  by  a  model  involv¬ 
ing  only  a  few  parameters;  rather,  an  appropriate  model  requires  a  much 
larger  parameter  space  for  its  description  if  it  is  to  represent  physical  fact 
in  a  high  fidelity  objective  manner  consistent  with  the  scientific  method. 
Moreover,  because  the  phenomona  are  so  complex,  the  model  cannot  be 
formulated  at  the  level  of  the  individual  failure  events,  but  instead  must 
be  generic  and  phenomonological  in  nature,  relying  on  massive  amounts 
of  experimental  data  to  identify  the  model  parameters.  Only  after  these 
parameters  are  determined  can  the  model  be  related  to  particiilar  failure 
mechanisms.  This  can  generally  be  accomplished  by  using  a  various  assort¬ 
ment  of  transformation  techniques,  for  instance,  a  combination  of  symbolic 
programming  and  systems  identification  methods,  and  leads  to  a  sort  of 
phenomonological  micromechanics. 

The  purpose  of  this  report  is  to  describe  an  approach  to  modeling  the 
mechanical  behavior  of  composite  materials  consistent  with  the  aforemen¬ 
tioned  standards.  This  approach,  which,  in  the  spirit  of  the  prior  discussion 
is  completely  phenomonological,  provides  quantitative  procedures  for  iden¬ 
tifying  the  constitutive  behavior  of  any  particular  composite  material  and 
for  characterizing  the  degree  of  internal  damage  the  material  tmdergoes 
when  it  is  part  of  a  structural  component  subjected  to  arbitrary  loads. 

The  crux  of  the  procedure  involves  the  determination  of  an  energy  dis¬ 
sipation  function  which  we  regard  as  a  property  of  the  material.  This 
quantity  completely  determines  both  the  nonlinear  aspect  of  the  constitu¬ 
tive  behavior  and  the  associated  load-induced  internal  damage.  The  data 
from  which  the  dissipation  function  is  determined  is  obtained  from  an  ex¬ 
tensive  series  of  tests  performed  with  NRL’s  in-plane  loader.  This  is  a 
completely  computer  controlled  testing  machine  capable  of  producing  ar¬ 
bitrary  combinations  of  opening/closing,  sliding,  and  rotating  boundary 
displacements  and  is  fully  described  in  Section  2.  The  dissipation  func¬ 
tion  and  the  concommitant  constitutive  behavior  are  extracted  from  the 
data  using  a  mathematically  well-founded  deconvolution  procedure  which 
is  presented  in  Section  3. 

The  identification  of  the  dissipation  function  and  constitutive  behav¬ 
ior  provides  the  information  required  to  compute  the  stresses,  strains,  and 
displacernent.s  and  characterize  the  load-induced  damage  in  a  given  stnir 
tural  component.  Specifically,  once  the  dissipation  function  htis  been  deter- 
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mined,  the  stresses,  strains,  and  displacements  may  be  found  by  integrating 
the  equilibrium  and  strain-displacement  equations  subject  to  appropriate 
boundary  conditions  and  the  energy  dissipation  per  unit  volume  computed 
at  all  points  in  the  structure.  A  demonstration  of  this  capability  is  pro¬ 
vided  in  Section  ??  where  we  simulate  the  structural  response  of  a  ship’s 
mast  made  from  a  number  of  different  composite  materials  using  a  finite 
element  procedure  and  produce  spatial  maps  which  illustrate  how  energy 
is  dissipated  within  the  structure  under  various  systems  of  external  loads. 
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The  In-plane  Loader  System. 

The  in-plane  loader  system,  shown  schematically  in  Fig.  1,  is  the  hardware 
manifestation  of  our  research  plant  whose  primary  function  is  to  produce 
reliable  data  from  which  the  composite  constitutive  behavior  can  be  de¬ 
duced  with  a  minimum  of  ancillary  hypotheses.  The  main  components  of 
the  system  are  ennumerated  below: 

The  in-plane  loader  : 

This  is  a  sophisticated  automated  testing  machine  capable  of  sub¬ 
jecting  test  specimens  to  arbitrary  displacement  controlled  in-plane 
loading  corresponding  to  combinations  of  pulling/pushing,  sliding, 
and  rotating  boundary  displacements. 

A  minicomputer  ; 

The  compu.er  serves  as  a  controller  by  sending  commands  to  the 
hydraulic  actuators  of  the  in-plane  loader  through  digital-to-analog 
converters,  and  by  receiving  gauge  measurements  from  the  in-plane 
loader  via  the  analog-to-digital  converters.  It  is  also  \ised  for  real 
time  data  collection  and  reduction  during  the  tests  as  well  as  for  var¬ 
ious  post-testing  analyses.  Among  the  latter  are  the  determination 
of  the  energy  dissipation  function  and  consequent  constitutive  behav¬ 
ior  for  the  material  and  finite  element  analysis  of  specific  structural 
components. 

A  graphics  processor  : 

The  graphics  processor  is  used  to  facilitate  the  pre  and  post-processing 
requirements  of  the  finite  clement  analyses.  Specifically,  it  is  employed 
in  conjimction  with  solid  modeling  and  rendering  software  to  produce 
finite  element  models  of  the  specimen  itself  and  specific  structural 
components.  It  is  also  used  to  generate  rendered  images  showing  the 
spatial  distribution  of  dissipated  energy. 

The  specimen  ; 

The  last  and  most  important  component  of  the  system  is  the  spec 
irnen  itself.  'I’he  specimens  were  designed  to  meet  the  following  re¬ 
quirements: 
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1.  The  characteristic  dimensions  be  sufficiently  large  relative  to 
fiber  diameter  and  lamina  thickness  to  ensure  that  the  mate¬ 
rial  could  be  analyzed  as  either  a  single  mechtinically  equivalent 
homogeneous  anisotropic  monolithic  material,  or  a  collection  of 
layers  of  varying  orientations  of  such  materials. 

2.  The  overall  specimen  size  be  small  enough  to  keep  material  costs 
at  a  managable  level. 

3.  A  strain  riser  be  present  to  guarantee  that  high  strain  regions 
ocur  well  away  from  all  specimen  boimdaries. 

The  single  edge-notched  specimen  which  resulted  is  shown  in  Fig. 
2.  Here  it  is  important  to  note  that  the  primary  function  of  the 
notch  is  only  to  axit  as  a  strain  riser  in  order  to  ensure  satisfaction 
of  requirement  (3)  above,  and  not  to  mimic  a  crack  in  the  fracture 
mechanics  sense. 

2.1  In-plane  Loader  Description. 

Although  the  in-plane  loader  has  been  described  previously  [ij,  its  design 
has  since  evolved  sufficiently  to  warrent  an  updated  description.  The  in¬ 
plane  loader  in  its  current  incarnation  is  shown  in  Fig.  1  with  a  more 
detailed  portrayal  in  the  vacinity  of  the  specimen  grips  shown  in  Fig. 3. 
Basically  it  consists  of  three  independent  computer  controlled  hydraulic 
actuators  connected  to  a  movable  head.  The  loading  path  of  each  actuator 
can  be  independently  prescribed,  thereby  producing  arbitrary  combinatioius 
of  opening/closing,  sliding,  and  in-plane  rotating  displacements. 

P’ach  actuator  unit  is  composed  of 

1.  A  2-Kip  hydraulic  linear  actuator  witha  6-in.  stroke. 

2.  .\  d.c.  powered  linear  displacement  transducer  (DCLVDT)  which  i.s 
iTiounteii  on  t!ie  act-nator  aiui  Tno;isures  ram  motion  rciatlve  to  tiie 
actuator  cylinder. 

3.  An  operational  amplifier  which  serves  to  compute  the  difference  be¬ 
tween  the  actual  ram  displacement  and  the  prof^ammed  one. 
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4.  An  electrically  controlled  hydraulic  servo  valve  which  receives  the 
displacement  error  output  of  the  operational  amplifier  and  delivers 
conttrolled  hydraulic  power  to  the  actuator  —  forcing  the  ram  to 
displace  the  amount  nessessary  to  minimze  the  displacement  error. 

5.  A  2-Kip  strain  gauge  load  cell  mounted  on  the  ram  end. 

6.  An  instrument  amplifier  to  amplify  the  millivolt  output  of  the  load 
cell. 

Relative  displacements  between  the  two  grips  are  monitored  by  a  specially 
designed  six  component  DCLVDT  transducer  mounted  on  the  specimen 
side  of  the  movable  head.  A  three  component  strain  gauged  load  cell  is 
used  to  monitor  the  movable  head  reaction  forces. 

Two  actuator  configurations  deserve  special  attention.  The  first  is  when 
any  of  the  acuators  is  colinear  with  another,  while  the  second  occurs  when 
the  line  of  action  of  the  actuators  intersects  at  a  common  point.  Both 
of  these  configurations  prevent  ohe  application  of  the  full  range  of  open¬ 
ing/closing,  sliding,  and  rotation,  and,  consequently,  were  avoided  in  the 
design. 

The  hydaulic  grips  are  computer  controlled  and  operate  like  a  pair  of 
pliers  whose  handles  are  forced  together  by  a  compact  servo-controlled  jack 
built  into  the  head.  Specimens  are  inserted  m  the  grips  from  a  loading 
magazine  via  a  mechanical  feeding  device.  This  ensures  uniformity  in  the 
gripping  conditions  and  allows  for  a  rapid  throughput  (currently  340  speci¬ 
mens/hour).  A  hydraulic  power  control  unit  consisting  of  of  an  operational 
amplifier,  a  pressure  transducer,  and  a  electrohydraulic  valve,  maintains  a 
constant  gripping  pressure  as  the  test  proceeds.  The  magnitude  of  the  grip¬ 
ping  force  is  sufficient  to  prevent  specimen  slippage,  and  yet  not  so  great 
as  to  cause  failure  at  the  grips. 

The  digital  imaging  system  is  to  provided  to  give  the  operator  an  effi¬ 
cient  and  accurate  method  of  performing  initial  specimen  geometry  mea¬ 
surements  and  calibrations.  A  video  camera  with  a  long  focal  length,  po¬ 
sitioned  by  a  motor  driven  three  .axis  stage,  is  mounted  over  the  specimen 
and  provides  a  magnified  (I5x)  view  of  the  specimen  on  a  TV  monitor. 
Horizontal  and  vertical  cursor  lines  are  superposed  on  the  'I’V  image  and 
can  be  used  to  mark  various  features  such  as  the  initial  position  of  the 
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notch  tip.  The  cursor  digital  output  signals  are  continuously  monitored 
and  saved  on  command. 

The  block  diagram  of  the  entire  system  is  shown  in  Fig.  4  together 
with  a  schematic  representation  of  the  information  paths  from  and  to  the 
in-plane  loader  relative  to  the  computer  controller.  Twenty  one  measuring 
channels  are  interfaced  with  a  multiplexer  connected  to  the  analog-to-digital 
converter  which  is  connected  to  the  computer  through  DMA  access  via  the 
computer  bus.  Similarly,  the  digital-to-analog  converter  has  its  output 
connected  to  the  servo  valves  of  the  actuators  and  its  input  communicates 
with  the  computer  via  the  bus  in  a  DMA  fashion. 

2.2  Operational  Aspects. 

^he  objective  of  the  in-plane  loader  system  is  to  control  the  rigid  body 
motion  of  the  boundary  of  the  specimen  which  is  held  by  the  moveable 
grip.  Because  the  actuators  are  constrained  to  move  in  a  plane  parallel  to 
the  specimen,  the  resulting  motion  involves  only  three  degrees  of  freedom 
relative  to  any  frame  of  reference  on  that  plane.  The  relation  between  the 
prescribed  actuator  displacements  and  the  resulting  grip  motion  is  illus¬ 
trated  in  Figs.  5a  and  5b.  The  important  point  to  note  here  is  that  the 
grip  motion  Ctin  be  resolved  into  three  basic  components,  namely,  sliding 
Uj,  opening/closing  Uy,  and  rotation  cu.  Specified  combinations  of  actuator 
displacements  therefore  map  into  particular  combinations  of  these  three 
basic  motions. 

It  is  convenient  to  employ  a  reference  frame  which  is  located  at  the  ini¬ 
tial  position  of  the  notch  tip  for  both  the  boundciry  displacements  (which 
are  denoted  by  d  relative  to  this  frame)  and  the  resulting  reaction  forces  t. 
Fig.  5c  illustrates  these  displacements  and  tractions  and  the  resulting  de¬ 
formation  of  the  specimen.  The  decomposition  of  the  applied  displacements 
relative  to  this  frame  into  a  sliding  motion  d^,  an  opening/closing  motion 
di,  and  a  rotational  motion  d^  is  shown  in  Figs.  5(d,e,f),  respectively.  For 
the  purpose  of  dimensional  homogeneity  ,  dj  is  defined  as  the  length  of  the 
arc  traveled  by  a  point  1  inch  .away  from  the  notch  tip  rigidily  connected 
with  the  moving  grip  along  the  direction  of  the  rotation,  instead  of  u.sing 
the  actual  rotation  in  radians. 

Subsequent  analysis  requires  that  we  compute  the  energy  dissipated 
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within  the  material  at  a  discrete  set  of  observation  points  as  the  specimen 
is  loaded  by  applying  a  predetermined  series  of  boundary  displacements  d*. 
Here  t  =  and  n  denotes  the  number  of  observation  points.  The 

details  of  these  computations  will  be  discussed  in  the  next  section;  here  we 
attend  to  the  sampling  strategy.  It  is  advantageous  to  think  in  terms  of 
a  three  dimensional  displacement  space  with  coordinates  (do.di.d]).  Then 
a  particular  test  in  which  the  actuator  motions  are  continuously  varied 
corresponds  to  a  specific  path  in  this  space.  The  issue  then  is  how  to  select 
a  representative  family  of  paths  which  cover  the  space  and  how  to  sample 
along  each  path. 

As  will  be  discussed  in  the  following  section,  we  do  not  expect  to  ob¬ 
serve  any  significant  path  dependent  behavior  during  loading.  By  this  we 
mean  that  the  mechanical  response  of  the  material  at  any  point  in  this 
space  should  depend  only  on  the  current  state  of  internal  strain  and  be 
independent  of  the  particular  path  followed  to  achieve  this  state.  This  type 
of  behavior  greatly  simplifies  matters  because  it  permits  us  to  cover  the 
displacement  space  with  a  family  of  loading  paths  selected  soley  on  the  ba¬ 
sis  of  convenience.  Towards  this  end,  it  was  decided  to  cover  the  space  with 
a  set  of  15  uniformly  distributed  radial  loading  paths  as  indicated  in  Fig 
6a.  Note  that  because  of  symmetry  only  the  half  space  corresponding  to 
positive  shear  (do  >  0)  need  be  considered.  The  required  set  of  observation 
points  are  generated  by  uniformly  sampling  each  path  at  50  distinct  points 
starting  from  a  prescribed  minimum  and  terminating  at  a  prescribed  max¬ 
imum  yielding  a  total  of  750.  Only  15  specimens  are  required,  however, 
because  the  50  observations  per  loading  path  are  obtained  from  a  single 
specimen. 

Since  our  concern  is  limited  exclusively  to  radial  loading  paths,  it  is 
natural  to  describe  them  in  terms  of  spherical  coordinates  as  shown  in  Fig. 
6b.  Thus  the  direction  of  each  path  is  specified  by  prescribing  the  coor¬ 
dinates  $1  and  02  and  the  location  of  any  point  on  the  path  is  determined 
by  the  value  of  r.  As  an  aid  in  visualization,  it  helps  to  display  the  spher¬ 
ical  coordinate  representation  in  a  cartesian  frame  with  axes  (Oi,02,r)  ;ls 
shown  in  Fig.  6c.  Then  each  loading  path  with  direction  is  rep¬ 

resented  by  a  vertical  line  which  intersects  the  plane  r  -  0  at  the  point 
graphical  representation  of  the  transformation  which  maps  the 
spherical  coordinate  system  in  its  usual  form  into  the  cartesian  reference 
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frame  is  shown  in  Fig.  6c.  Points  along  the  axis  correspond  to  rotation- 
free  deformations  with  the  points  at  9i  =  7r/2,0,  — ir/2  representing  pure 
opening,  sliding,  and  closing,  respectively.  Similiarly,  points  along  the  62 
axis  represent  extension/compression  free  deformations  with  the  points  at 
$2  —  ix/2  corresponding  to  pure  rotation.  The  three  loading  paths  core¬ 
sponding  to  pure  sliding,  opening  and  rotation  together  with  a  rendition 
of  the  deformed  specimen  for  three  equally  spaced  points  on  each  path  are 
also  shown  in  Fig.  6c. 

The  representation  in  Fig.  6c  is  p^icularly  convenient  in  situations 
where  the  major  concern  is  to  determine  the  distance  r  along  each  path 
corresponding  to  some  critical  event  such  as  the  attainment  of  a  threshold 
value  of  dissipated  energy  or  the  occurence  of  a  maximum  in  one  of  the 
boundary  tractions  [l].  The  locus  of  these  critical  points  then  define  a  sur¬ 
face  in  the  space  which  serves  to  characterize  that  aspect  of  the 

material  response.  A  typical  surface  defined  in  this  manner  is  shown  in  Fig. 
7.  This  concept  of  a  response  surface  provides  an  effective  tool  for  com¬ 
paring  the  mechanical  characteristics  of  different  materials  and  assessing 
the  effects  of  aging  and  various  preconditioning  regimens.  Any  variation  in 
prospective  mechanical  behavior  is  quickly  detected  by  a  simple  visual  com¬ 
parison  of  these  surfaces.  Approaches  based  on  this  procedure  have  been 
successfully  implemented  to  investigate  the  effects  of  aging,  resin  type,  and 
fatigue  preconditioning  on  Kevlar  and  graphite/epoxy.  We  refer  the  reader 
to  Refs. [1-3]  for  further  discussion  of  these  results. 

We  conclude  this  section  by  outlining  the  sequence  of  events  involved  in 
a  tyi,’cal  test.  Thus,  one  of  the  loading  paths  is  selected  and  initial  mea¬ 
surements  regarding  the  specimen  geometry,  such  as  notch  tip  location,  ;ue 
performed  by  the  operator  using  the  digital  imaging  system.  The  spcri- 
men  is  inserted  in  the  grips  via  the  feeding  mechanism  and  the  remainder 
of  the  test  is  performed  automatically,  with  the  computer  control  system 
measuring  specimen  thickness  and  controlling  the  grip  pressure,  loading 
the  specimen,  and  monitoring  and  storing  boundary  forces  and  displace¬ 
ments  {t,d)  at  the  50  s.'unpling  points  along  the  loading  path.  .\n  entire 
test  takes  about  10  sec.  F.ach  test  is  generally  performed  twice  to  establish 
reproducibility.  Typically  it  is  found  that  the  data  is  reproducible  to  within 
an  RMS  error  of  5?S. 


3  Constitutive  Equation  Determination  and 
Load- Induced  Internal  Damage  Character¬ 
ization. 

Composite  materials  tend  to  fail  in  a  gradual  but  complex  manner  under 
static  loading  conditions  [2].  In  particular,  these  materials  tend  to  un¬ 
dergo  progressive  damage  over  a  diffuse  volume  induced  by  such  events  as 
debonding,  delamination,  fiber  breakage,  matrix  cracking,  etc.  resulting 
in  pronounced  nonlinear  load-deformation  behavior  until  the  structure  is 
rendered  unusable  [3],  As  discussed  in  the  Introduction,  it  is  now  appar¬ 
ent  that  a  “micromechanical”  approach  or  a  simple  one  or  two  parameter 
“failure  criterion”  is  not  sufficient  to  either  describe  the  failure  process 
or  provide  realistic  failure  assessments  and  predictions.  Rather,  a  phe- 
nomonological  approach  is  required  whicit  is  ammenable  to  quantitative 
characterization  and  portrays  more  accurately  the  physical  situation.This 
is  the  methodology  followed  here.  Specifically,  we  regard  the  effects  of 
load-induced  internal  damage  as  being  directly  reflected  in  the  mechanical 
constitutve  behavior.  Identifying  the  entire  range  of  nonlinear  behavior 
then  makes  possible  a  quantitative  imderstanding  of  the  consequences  of 
the  various  failure  mechanisms  and  their  impact  on  structural  response. 

In  order  to  determine  the  nonlinear  constitutive  behavior,  it  is  generally 
sufficient  to  regard  the  composite  as  being  composed  of  either  a  single  me¬ 
chanically  equivalent  homogeneous  anisotropic  material,  or  a  collection  of 
layers  of  varying  orientations  of  such  materials,  provided  that  the  loads  are 
either  quasi-static  or  dominated  by  low  temporal  frequencies.  It  is  necce- 
sary  to  impose  this  restriction  on  the  loads  to  insure  that  the  wave  lengths 
corresponding  to  the  spatial  variation  of  the  stresses,  strains,  etc.  are  large 
compared  to  the  microstructural  characteristic  lengths;  otherwise  events  on 
the  micro  scale  take  on  a  predominant  role  and  this  homogenization  proce¬ 
dure  cannot  be  expected  to  provide  a  high  fidelity  model.  If,  furthermore, 
the  material  is  known  not  to  exhibit  any  significant  rate  or  path  dependent 
behavoir,  then,  at  least  during  loading,  it  may  be  regarded  as  behaving  in  a 
manner  similiar  to  that  of  a  hyperelastic  material  (nonlinearly  elastic  with 
a  strain  energy  potential).  It  is  then  po.s.sible  to  describe  its  mechanical  b<'- 
havior  in  terms  of  a.  constitutive  relation  which  involves  only  stresses  and 
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strains  and  is  independent  of  time  and  loading  history. 

Knowledge  of  this  relation,  which  is  generally  a  nonlinear  fourth  order 
anisotropic  tensor  function  of  the  form 

^  =  m, 

where  o  and  e  denote  the  stress  and  strain  tensors,  respectively,  is  the 
key  ingredient  to  computing  the  stresses,  strains,  and  displacements  in  any 
given  structural  component  under  arbitrary  loadings.  Indeed,  once  this  re¬ 
lation  is  determined,  the  stresses,  strains,  and  displacements  may  be  found 
by  integrating  the  equilibrium  and  strain-displacement  equations  subject  to 
appropriate  boundary  conditions.  Moreover,  if  we  assume  that  the  stored 
energy  is  composed  of  the  sum  of  a  reversible  and  irreversible  part,  then 
the  irreversible  component  (the  energy  dissipated  by  load-induced  internal 
damage)  may  also  be  computed  using  this  information. 

The  remainder  of  this  section  is  devoted  to  a  description  of  a  procedure 
for  determining  the  constitutive  relation  and  characterizing  the  degree  of 
load-induced  internal  damage  using  boundary  force  and  displacement  data 
observed  in  a  series  of  in-plane  loader  tests.  This  process  is  in  actuality  a 
deconvolution  process  because  the  observations  reflect  both  the  effects  of 
material  behavior  and  specimen  geometry.  In  order  to  obtain  information 
relating  to  the  material  response  alone,  the  geometric  effects  must  be  fac¬ 
tored  out  of  the  observations,  or,  equvilently,  the  constitutive  information 
must  be  deconvolved  from  the  data.  An  important  point  to  note  here  is 
that  the  deconvolution  process  requires  an  extremely  large  amount  of  mul- 
tiajcial  test  data;  the  only  feasible  way  to  obtain  data  in  such  quantity  is  by 
the  use  of  an  automated  testing  machine  such  as  the  in-plane  loader.  With 
this  in  mind,  wo  proceed  to  discuss  the  deconvolution  procedure  in  soii'ic 
detail. 


3.1  Caveats. 

In  performing  the  deconvolution  we  introduce  a  number  of  assumptions  and 
simplifications  which  are  itemized  below. 

•  The  material  can  be  regardeti  as  a  mechanically  etpiivalent  Iiomoge- 
neous  anisotropic  material  as  discussed  above.  In  an  angle-ply  com- 
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posite  this  assumption  can  be  applied  either  on  a  piy-by-ply  basis  or 
to  the  collection,  as  appropiate. 

•  Loading  is  either  static  or  slowly  varying  in  accordance  with  the  con¬ 
siderations  discussed  above. 

•  The  material  behaves  as  if  it  were  hyperelastic  during  loading.  This 
assumption  by  definition  precludes  consideration  of  materials  which 
exhibit  marked  viscous,  rate,  and  load  history  dependencies.  More¬ 
over,  given  this  assumption,  there  exists  a  strain  energy  density  poten¬ 
tial  (strain  energy  per  unit  volume),  ^(e),  such  that  a  =  gTad£t/)(c). 

•  Only  an  initial  loading  phase  is  considered  with  no  unloading  per¬ 
mitted.  This  restriction  is  necessary  in  order  to  maintain  consistancy 
with  the  previous  assumption  since  most  composites  tend  to  unload 
along  paths  which  are  different  than  the  initial  loading  paths. 

•  The  energy  absorbed  by  the  material  can  be  regarded  as  being  com¬ 
posed  of  the  sum  of  a  reversible  and  irreversible  part.  The  reversible 
component  is  the  energy  which  would  be  recovered  if  the  material 
were  to  unload.  The  irreversible  part  represents  the  energy  which  is 
dissipated  by  the  internal  damage  mechanisms  and  can  be  described 
by  a  dissipation  function  (p{e)  (dissipation  energy  per  unit  volume). 

•  The  constitutive  relation  is  continuous;  i.e.,  no  jumps  are  permitted. 

•  The  deformations  are  sufficiently  small  so  that  infinitesimal  stress  and 
strain  tensors  may  be  employed. 

•  Only  shell-like  structures  are  considered  so  that  the  stress  and  strain 

fields  in  either  the  entire  material  or  in  each  ply  are  two-dimensional 
with  no  transverse  components,  i.e.  a  =  and  c  = 

where  (r?,?,^  a  coordinate  system  embedded  in  the 
material  or  layer  with  one  a.xis  along  the  fiber  direction  ;is  .shown  in 
Fig.  3. 

•  Displacement  continuity  is  maintainc<l  betvvee.n  layers. 
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It  should  be  stressed  here  that  unlike  the  typical  micromechanical  treat¬ 
ments  [4],  we  make  no  explicit  assumptions  concerning  the  detailed  nature 
of  the  various  failure  processes,  rather  our  approach  is  to  introduce  a  min¬ 
imal  number  of  hypotheses  which  we  feel  are  in  accordance  with  physical 
fact  and  are  readily  defensible.  Moreover,  many  of  the  above  restrictions 
can  be  easily  relaxed  when  the  situation  warrents. 

3.2  Analysis. 

The  primary  issue  is  the  estimation  of  the  tensor  function  T{e)  and  the  dis¬ 
sipation  function  ^(c),  or,  because  of  the  above  hyperelasticity  hypothesis, 
and  <p{c)  since  ff  =  gradftl’lc).  The  procedure  by  which  both  quan¬ 
tities  zire  computed  is  conceptually  simple,  yet  based  firmly  on  established 
principles  in  the  areas  of  applied  mathematics  and  systems  identification 
[5).  We  summarize  the  steps  below  and  provide  more  detailed  explanations 
in  the  remaining  subsections. 

1.  A  representation  is  chosen  for  the  strain  energy  density  potential 

in  terms  of  ivt  of  m  basis  functions  x  =  (xi>  X2,  •  •  • .  Xm)^  a-nd 
an  initially  unknown  parameter  vector  a  =  (oi,  oj, . . . ,  Si- 

miliarly,  a  representation  is  chosen  for  the  dissipation  function  in 
terms  of  the  some  set  of  basis  functions  and  a  parameter  vector 
/3  = 

2.  A  uniform  set  of  loading  paths  in  displacement  space  is  selected  (15 
for  each  material  or  15  for  each  of  a  set  of  layup  configurations  for 
angle-ply  composites),  boundary  forces  and  displacements  (t,«)  are 
measured  at  50  equally  spaced  points  on  each  loading  path  as  de¬ 
scribed  in  the  previous  chapter,  and  the  energy  imparted  to  the  spec¬ 
imen,  U’,  is  computed  for  each  observation  point  i.  If  the  composile 
is  regarded  as  a  single  equvilent  homogenous  material  (in  the  case 
of  an  angle-ply  composite,  this  implies  that  each  layup  coufiguralion 
is  to  be  counted  as  a  seperate  material),  then  this  procedure  yields 
n  —  750  values  of  17'  per  material.  If  the  material  is  an  angle-ply 
composite  and  we  wish  to  analyze  the  constitutive  behavior  on  a  ply- 
by-ply  basis,  then  the  procedure  yields  n  -  750  x  np  values  wf  I  '  !i>r 
each  material,  where  np  denotes  the  number  of  layup  fonfiguration.s. 
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3.  The  fact  that  the  energy  imparted  to  the  specimen  is  equal  to  the  in¬ 
tegral  of  0(c(i))  over  the  volume  of  the  specimen,  where  x  =  (»?,  f,  ^), 
is  applied  at  each  of  the  n  observation  points  and  results  in  a  highly 
overdetermined  set  of  equations  for  the  m  components  of  the  param¬ 
eter  vector  a  (a  system  of  n  x  m  equations  with  n  m). 

4.  These  equations,  in  conjunction  with  the  strain-displacement  and 
equilibrium  relations  and  any  appropriate  constraints,  are  solved  nu¬ 
merically  for  a  and  the  constitutive  relation  computed. 

5.  The  irreversible  portion  of  the  imparted  energy,  V*,  is  computed  for 
each  observation  point  and  the  fact  that  V'  equals  the  integral  of 
<p(c(x))  over  the  volume  of  the  specimen  is  used  to  obtain  an  n  x 
m  system  of  equations  for  the  components  of  the  parameter  vector 
I3.  This  equation,  along  with  any  appropriate  constraints,  is  solved 
numerically  allowing  us  to  compute  the  dissipation  function.  <p(c). 


3.2.1  Representation  of  the  Strain  Energy  Density  Potential  and 
Dissipation  Function. 


The  strain  energy  density  potential  and  the  dissipation  function  <p(c) 
are  represented  by  the  linear  combination 


(p(e) 


(1) 


where  x(c)  is  a  vector  of  suitable  C°  (or  smoother  basis)  functions  over 
the  3-space  (s,,,,, , £ff).  and  (a,/3),  are  the  parameter  vectors  to  be  (ic- 
termined.  This  representation  is  quite  general  in  the  sense  that  x<  may 
be  chosen  more  or  less  arbitrarily,  for  instance,  as  interpolation  basis  func¬ 
tions  over  a  suitable  mesh  defined  on  (e,,,,,  ),  in  which  case  any  of 

the  usual  three  dimensional  finite  element  shape  functions  may  be  used; 
as  B-splines  or  cardinal  splines;  or  as  locally  defined  or  global  orthogonal 
polynomials.  The  only  significant  restriction  on  the  form  of  the  basis  func¬ 
tions  is  that  positivity  of  the  quantities  and  v?{c)  must  be  assured  in 
order  to  maintain  agreement  with  physical  fact.  When  y  is  an  interpolation 
b.asis,  the  components  of  the  parameter  vectors  (rt,/l)  are  simply  the  values 
of  {tp,(p)  at  the  node  points;  however,  this  is  not  true  when  the  later  two 
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The  quantity  c*(a,z)  which  appears  in  Eq.(2)'  is  the  specimen  strain  field 
corresponding  to  the  i“'  observation  and  is  not  known  explicitly;  however, 
it  must  satisfy  the  followmg  equilibrium,  strain-displacement,  and  consti¬ 
tutive  requirements: 

div  ff*  =  0  (3) 

e'  =  sym(grad  u*)  (4) 

=  a-gradex(c‘),  (5) 

where  u  is  the  displacement  held.  The  appropriate  boundary  conditions  are 
free  surface  conditions  (no  tractions)  except  on  the  gripped  surfaces  where 
displacements  are  prescribed.  Equations(2)-(5)  form  a  coupled  system  of 
nonlinear  equations  whose  solution  yields  the  quantities  (o!,c,<r,u). 

Finally,  by  an  argument  identical  to  that  given  above,  a  relation  similiar 
to  Eq.(2)  must  hold  for  the  dissipated  energy  V  and  the  dissipated  energy 
function  <p{e);  namely, 

=  Xii^'{=^))dx  (6) 

yvol 

where  V'  (the  irreversible  portion  of  U*)  is  given  by 

V^’  =  •  d'. 

2 

A  graphical  depiction  of  V'  for  a  hypothetical  one  dimensional  loading 
siuation  is  given  in  Fig.  1.  Since  the  strain  field  £’(ar)  is  known  from 
the  solution  of  Eqs.(2)-(5),  the  parameter  vector  /?  may  be  determined 
by  solving  Eq.(6)  enabling  ip(€)  to  be  computed. 

3.2.3  Method  of  Solution. 

The  nature  of  the  system  (2)-(6)  suggests  solution  by  the  following  iterative 
procedure: 

1.  An  initial  estimate  of  the  strain  field,  i.e.,  ^^(i),  is  obtained  bv  so’vine 
Eqs.(3)  and  (l)  u.sing  the  constitutive  relation 

a  Ke, 
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where  K  is  the  stiffness  matrix  for  the  unstressed  material  and  can 
either  be  obtained  from  the  literature  (when  available)  or  estimated 
from  mixture  theory.  The  problem  defined  here  is  linear  and  is  readily 
solved  by  finite  element  methods,  or,  in  certain  cases,  by  closed-form 
procedures. 

2.  Using  the  estimate  Co(x)  for  c*{tt,x),  an  estimate  of  the  parameter 

vectors  is  obtained  from  Eqs.(2)  and  (6)  subject  to  the  con¬ 

straints  that  each  component  of  the  imparted  energy  be  monotonically 
increasing  along  every  loading  path.  This  involves  solving  a  linear  or 
quadratic  programming  problem  as  will  be  explained  shortly. 

3.  Equations{3)-(5)  are  solved  numerically  with  the  value  of  a  in  Eq.(5) 
taken  as  aoi  the  new  estimate  of  c  is  utilized  in  Eqs.(2)  and  (6)  to 
obtain  an  updated  estimate  of  a  and^/3;  and  the  process  is  repeated 
until  successive  estimates  differ  by  a  sufficiently  small  amount. 

Note  that  except  for  the  initial  step,  determining  the  estimate  of  c’(a,  x) 
always  involves  solving  a  set  of  nonJinear  boundary  value  problems.  Al¬ 
though  this  is  in  general  difficult  and  time-consuming,  as  a  practical  matter, 
unless  one  is  interested  in  venturing  deeply  into  the  nonlinear  regime  where 
significant  strain  redistribution  occurs  due  to  spatially  wide  spread  material 
stiffness  changes,  sufficient  accuracy  should  be  attainable  by  implementing 
only  a  single  cycle  of  the  iteration  procedure.  Thus  we  usually  need  onlv 
to  solve  the  linear  problem  described  in  Item  1  above,  and  the  difficulties 
mentioned  above  should  be  of  little  concern.  If  the  need  does  arise  to  im¬ 
plement  more  than  one  cycle  of  the  iteration  procedure,  techniques  such 
as  homotopic  continuation  methods  [6]  applied  along  each  loading  path  are 
available  to  help  alleviate  the  difficulties. 

3.2.4  Initial  Estimates  of  the  Parameter  Vectors. 

,\s  mentioned  previously,  el,(i)  is  computed  by  solving  a  linear  houiuiarN 
value  problem.  Indeed,  using  the  fact  that  any  boundary  displacement  d 
produced  by  the  in-plane  loader  can  be  represented  by  a  linear  combination 
of  opening/closing  (dj),  sliding  (do),  and  rotating  (d?)  displacements,  only 
three  finite  element  analyses  need  be  performed  in  this  step  since  any  strain 
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6eld  £o(x)  can  be  represented  as 

£q  —  a  CjQ, 

by  linear  superposition.  Here,  £\q  are  the  strain  fields  corresponding  to  the 
unit  boundary  displacements  dj  =  and  6*  is  the  Kronecker  delta. 

With  Co(x)  known  the  quantity  /„„»  X}(^o(*))<^a:  in  Eqs.(2)  and  (6)  may 
be  computed.  Thus,  setting 

/  Xi{^o{x))dx  =  Fj, 

J  vol 

eqs.(2)  and  (6)  may  be  written  as  the  linear  set  of  equations 


Fz  =  W, 


(7) 


where  W  =  (i/‘, . . . ,  or  (K ,  K")^,  2  =  Oq  or  (3q,  and 

/  Fi  •••  \ 


F  - 


V  Fr  F-  ] 

As  long  as  rank(/’)  <  rank(/'),  where  F  is  the  augmented  matrix 

/  /'V  Fi  VV  ^ 


I  /•?  F"  / 


Hq.(7)  is  an  overdetermined  system  and  there  exists  no  value  ot  z  whicli 
satisfies  (7)  exaetiy.  Rattier  one  must  s«'ek  to  minimize  the  norm  of  t  lie 
error  vector  e  ~  W  -  Fz  to  obtain  a  best  approximation  to  the  solution. 
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This  is  the  usual  state  of  affairs  in  parameter  estimation;  indeed,  the  more 
highly  overdetermined  the  system  the  better  since  one  generaly  wants  to 
work  with  as  many  independent  observations  as  possible  in  order  to  filter 
out  any  undesirable  stochastic  variations  (noise).  If  enough  observations 
are  linearly  dependent  then  it  can  happen  that  rank(f )  =  rank(f’)  <  m,  in 
which  case  there  exists  m  —  rank{F)  solutions  to  Eq.{7).  A  little  thought 
reveals  that  this  situation  is  most  likely  to  occur  when  the  material  response 
is  linear  over  most  of  the  range  of  imposed  loads  and  is  something  we  try 
to  avoid. 

Assuming  for  the  moment  that  Eq.(7)  is  indeed  overdetermined,  we  seek 
to  minimize  the  norm  of  <  =  IV  —  Fz  subject  to  the  constraints 

1.  The  values  of  (t/),(p)  be  positive  at  the  node  points  of  the  interpolation 
mesh,  i.e. 

z*  >0,  (8) 

to  maintain  positivity. 

2.  The  absorbed  and  dissipated  energy  be  monotonicaJly  increasing  along 
each  radial  loading  path  in  displacement  space,  i.e., 

row(f’),„-z  >  0, 

(row(E).+i  -  row(E)i)-z  >0,  i  =  ip, - -  1,  (9) 

wiiere  (9)  applies  to  each  loading  path,  ip  is  a  point  at  the  beginning 
the  the  path,  and  i,  is  the  end  point. 

.Note  that  the  above  constraints  are  linear  inequality  constaints  in  z,  an  i 
as  such  are  readily  dealt  with. 

Two  widely  used  rnea.sures  of  vector  magnitude  are  the  Ir  (buciideani 
and  7/’^'  (Chebychev)  norms  given  by 

t  . :x;)^ 

and 

:  r  i;, ..  !inix(;  x,  ;  X;  ; - ;  x..  ), 

respectively.  Minimizing  jj  e  i!  in  K().(7)  uiuler  ihe  L~  norm  .subject  to  the 
con.straints  (8)  and  (9)  is  a  problem  in  quadratic  proqrarnrmTig  since  t  he  ol> 
jectivu'  function  j|  IV  Fz  |j/  a  is  (piadratic  in  the  variables  ( j ' ,  : ‘ . .  .  .  ,  _ . 

21 


A 


4 


1 


This  is  a  well-established  discipline  and  many  efficient  procedures  are  avail¬ 
able  to  deal  with  such  problems  [7],  Minimizing  ||  t  ||  under  the  norm 
is  just  as  straightforward,  and  perhaps  easier,  because  there  exists  a  well- 
known  technique  [8]  for  converting  such  problems  into  linear  prgramming 
problems  which  Ccin  be  solved  using  the  simplex  method  or  one  of  its  vari¬ 
ants  [8j. 
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3.  Description  of  invention: 


It  is  proposed  to  mix  nanometer  sized  particles  of  two  metals:  a  structural  metal  such  as 
iron  or  copper  and  a  soft  metal  such  as  gallium  or  tin.  The  two  metals  must  be 
insoluble  with  each  other  and  the  volume  haction  of  the  soft  metal  should  be  small  ( 1  % 
or  less).  If  the  thermal  expansion  of  the  soft  metal  is  larger  than  the  strong  metal,  the 
mixture  should  be  compacted  at  some  high  temperature  and  cooled  down  to  room 
temperaure  .  Otherwise,  compact  at  a  low  temperature  and  warm  up  to  room 
temperature.  The  presence  of  the  soft  metal  will  stabilize  the  voids  and  prevent  them 
from  disappearing  by  sintering.  The  soft  metal  should  also  provide  a  path  for  interface 
diffusion  of  atoms. 


4.  Advantages  and  new  features: 

If  successful,  the  result  should  be  a  strong  structural  material  with  large  damping  - 
something  not  available  currently.  With  this  material,  noise  and  vibration  reduction 
capacity  can  be  incorporated  into  machinery  designs.  The  material  can  also  be  used  as  a 
substitute  or  replacement  material  in  machinery  that  has  been  pooriy  designed  and 
subject  to  vibration.  In  this  case,  the  vibrational  energy  would  dissipated  in  the  form  of 
heat  in  the  material. 
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1.  (icnerat  purpose: 


Simple,  inexpensive  methcxl  to  design  a  compact  micro-mechanics  tester  to  study 
the  mechanical  properties,  specially  the  Young's  modulus  of  thin  films,  fibers  and 
whiskers. 


2.  Background: 

The  techniques  engaged  to  measure  the  tensile  properties  of  a  very  small  sample 
such  as  thin  films,  fibers  and  whiskers  are  High  Speed  Rotor,  Bulge  Method, 
Electron-microscope  Devices,  Direct  Measurement  of  Strain  by  Diffraction  Method 
and  Tensile  Test.  A  number  of  micro-tensile  testers  have  been  built  for  the 
observation  of  small  load  and  small  elongations  typical  of  thin  Elm  work.  "Soft" 
testers,  whicli  are  common  in  thin  film  studies,  are  those  in  which  the  load  is  given 
and  the  elongation  is  measured,  whereas  "hard"  types  prescribe  the  strain  rate  and 
measure  the  load.  For  softer  testers,  the  existing  methods  for  apply  the  uniaxial  load 
are  magnetically,  electromagnetically  or  gravimetrically.  The  elongation  is  measured 
by  direct  observation  through  an  optical  microscope,  interferometricalJy,  or  with  a 
differential  transducer.The  hard  machines  described  in  the  literature  use  a  strain- 
gauge-proof  ring  to  measure  the  load  while  the  strain  is  observed  using  a  differential 
transducer  or  an  optical  arrangement.  The  various  tensile— tester  apparatuses  are 
summarized  by  Hoffman  (R.  W.  Hoffrnan,  in  "Physics  of  Thin  Films",  G.  Hass  and 
R.  E.  Thun  eds.,  vol.  3,  p.  211,  Academic  Press  Inc.,  New  York,  1966).  In  all  these 
existing  techniques,  an  active  apparatus  is  need  either  to  apply  the  load  or  to  ^ly  the 
strain  to  the  grips  which  hold  the  sample.  The  disadvantage  are  connected  with  the 
fact  that  this  kind  of  design  is  costly  and  the  dimension  of  the  tester  can  not  be  easily 
reduced. 


3.  Description  and  oneration: 

The  following  is  our  new  micro-mechanics  tester  design.  The  load  which  apply  to 
the  sample  is  provided  by  the  thermal  expansion  of  the  two  parallel  rods  as  shown  in 
figure  1  which  are  thermal  insulated,  therefore,  it  is  a  passive  element.  The  sample  is 
parallel  to  the  rods  such  that  the  tension  load  due  to  the  thermal  expansion  of  the  rods 
is  transmined  by  two  parallel  rigid  bars  which  anached  to  the  rods  perpendicularly. 
The  sample  is  mount  at  the  center  of  the  rigid  bars  with  the  method  same  as  the 
conventional  micro-tensile  testing.  The  elongation  is  measured  by  direct  observation 
through  an  optical  microscope,  interferometrically,  or  with  a  differential  transducer. 
Due  to  the  constrain  of  the  sample,  the  thermal  elongation  of  the  system  is  different 
from  the  value  which  obtained  without  the  sample  mounted.  By  knowing  the  relations 
between  this  strain  difference  and  the  temperature,  the  stress  strain  relation  can  be 
obtained.  The  equation  for  obtained  the  Young's  modulus  of  the  film  tlirough  the 
testing  is  shown  in  equation  (I ). 
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(Hs  -  I) 
I  +  aA'l' 


(I) 


where 


An  numerical  example  is  provided  as  follows.  For  typical  thin  film  sample  with 
gauge  length  1  cm,  cross-section  area  1  cm  x  1  pm  and  Young's  modulus  of  order  of 
1  X  10**  N/m^  and  by  assuming  the  rods  is  made  by  crystalline  polyethylene  with 
Young’s  modulus  4  x  10*  N/m^  and  linear  thermal  expansion  coefficient  300  x  10'^ 
/®k.  The  dimension  of  the  rod  are  assumed  to  be  5  cm  (L)  long  and  5  mm  in  diameter. 
When  the  temperature  increases  5®k  from  room  temperature,  the  elongation  is  75  pm 

before  the  sample  mounted  and  is  56.9  pm  after  the  sample  mounted  (with  ALq/AL  = 
132%).  Both  the  elongations  and  the  change  of  the  elongation  are  very  easy  to 
measured.  The  strain  applied  to  the  specimen  is  0.57%  in  presence  example  which  is 
suitable  to  measure  the  Young's  modbus  and  yield  strength  of  the  sample. 


Advantages  and  new  features: 

This  is  a  simple,  compact  and  inexpensive  approach  for  constmcting  micro¬ 
mechanical  tester.  The  innovation  feature  of  present  method  is  in  the  loading 
mechanism.  A  passive  element  is  used  instead  of  conventional  active  element  to  apply 
the  load.  This  passive  element  consists  of  a  high  themial  expansion  rod  with  a  heating 
wire  which  are  thermally  insulate  from  outside  environment.  It’s  technical  advantages 
are:  (a)  no  moving  part  involved  in  this  tester,  therefore  simplified  the  design  and  the 
cost,  (b)  except  the  elongation  measuring  device,  no  instrument  is  required  to  apply 
the  load,  thus  the  whole  dimension  of  the  system  can  be  reduced  dramatically,  and  (c) 
It  is  easy  to  modify  to  different  load  range  by  simply  changing  the  passive  element. 


Alterntives: 

Any  alternative  design  which  utilize  the  fundamental  feature  of  present  invention, 
that  is  using  the  material  thermal  expansion  property  to  be  the  loading  mechanism,  is 
claimed  under  this  disclosure.  The  alternative  design  may  include  the  shape,  size  of 
the  system,  the  material  used  for  the  passive  element  and  the  instrument  used  for 
measuring  the  elongation  and  the  temperature.  For  example  the  shape  of  the  passive 
element  can  changed  into  a  disc  and  the  thin  film  is  attached  to  the  circumference.  The 
polyethylene  rod  can  be  replace  by  any  other  material  with  high  thennal  expansion 
coefficient  and  suitable  stiffness. 


X 


(2) 


AL 
and 

L  :  the  original  distance  of  the  two  rigid-bar/rod  joint  points, 
PL  :  the  original  length  of  the  sample  (gauge  length), 

ALo  ;  linear  expansion  without  sample  attached, 

AL  :  linear  expansion  with  sample  attached. 

As  :  the  cross  section  area  of  the  sample, 

A(  ;  the  total  cross  section  area  of  the  expansion  rods, 

Y,  :  Young’s  modulus  of  the  sample, 

Y,  :  Young's  modulus  of  the  rod, 
a  :  thermal  expansion  coefficient  of  the  bar, 

AT  :  temperature  difference. 


high  thermal  expansion,  low  stiffness  material 
(polyethylene  rod) 


sample(film,  fiber,  whisker) 


L 


l  ig  !  .Schcmalic  diagram  shrrwing  the  principle  of 
the  tlreniiiJ  activated  micro-testing  machine. 
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ABSITiACT 


An  alternate  method  of  approach  for  solving  the  elastic  fields  in  the  half  space  with  an 
isotropic  ellipsoidal  inclusion  is  proposed.  This  new  approach  involves  the  application  ot 
the  Hankel  transformation  method  for  the  solution  of  prismatic  dislocation  loops  and 
Eshelby's  solution  for  ellipsoidal  inclusions.  Existing  solutions  by  other  method  for  the 
inclusion  with  pure  dilatational  misfit  in  a  half  space  are  shown  to  be  the  special  cases  of 
the  present,  more  general  solution. 


1 .  INTRODUCTION 


The  elastic  fields  caused  by  an  ellipsoidal  inclusion  with  thennal  expansion  stress-free 
transformation  strains  (eigenstrains)  in  an  isotropic  infinite  body  were  investigated  by 
Goodier  (1937).  For  more  general  eigenstrains,  solutions  were  obtained  by  Eshelby  (1957, 
1959,  1961).  By  using  the  Galerkin  vector,  Mindlin  and  Cheng  (1950)  obtained  the 
solution  of  the  thermoelastic  stress  field  in  the  semi-infinite  solid  when  a  uniform 
dilatational  thermal  expansion  is  given  inside  a  spherical  domain.  Mindlms  solution  (1953) 
for  Green's  function  in  a  half  space  was  used  by  Seo  and  Mura  (1979)  to  solve  the  same 
problem  for  the  domain  in  the  shape  of  an  ellipsoid.  By  combining  an  application  of 
potential  theory  with  the  stress- function  approach  of  Papkovitch  and  Neuber.  and  starting 
with  Eshelby 's  solution  for  the  homogeneous  infinite  solid,  Aderogba  (1976)  generalized 
the  solution  of  Mindlin  and  Cheng  to  the  case  of  a  spherical  inclusion  in  half-space 
undergoing  a  general  unifonn  Uiursfonnation. 

The  method  of  Hankel  transformations,  elaborated  for  cylindrically  symmetrical 
problems  of  the  theory  of  elasticity  in  Sneddon's  book  (1951),  has  been  used  to  solve  the 
stress  field  of  a  circular  edge  dislocation  loop  with  Burger’s  vector  nonnal  to  the  plane  of 
the  loop  (prismatic  loop)  in  ;m  unbounded  solid  (Kroupa,  1960)  and  in  the  half  space 
(Bastecka,  1964)  The  elastic  solution  of  a  dislocation  loop  in  a  two  phase  material  luul 
been  given  by  Salamon  and  Dundurs  (1971 ). 

In  the  present  study,  Eshelby 's  method  for  the  cllipsoicial  inclusion  ;ind  the  Hankel 
transfonnation  method  for  the  pri.sinatic  loop  are  used  for  the  iuialysis  of  the  elastic  solution 
of  an  ellipsoidal  inclusion  in  the  half  .space  when  a  unifonn  axisymmetric  principle 
eigenstrain  is  given  inside  tlie  inclusion,  which  in  the  ab.sence  ol  the  suiiounding  hall  space 
would  result  in  a  uniform  homogeneous  strain,  not  accompanied  by  stress.  This  appniacii 
provides  an  alternate  way  for  obtaining  a  more  general  solution  of  the  stresses  in  the  half 


space  with  aii  ellipsoidal  inclusion.  Existing  solutions  are  shown  to  be  sp>ecial  cases  of  the 
present  one. 


2.  FUNDAMENTAL  EQUATIONS 

A  semi-infinite  domain  is  defined  by  Xj>  0  as  shown  in  Fig.l.  The  surface  x^  =  0  is 
free  from  external  tractions.  The  present  problem  is  to  express  the  elastic  field  when  the 
T 

eigenstrain  ejj  in  an  ellipsoidal  subdomain  (with  semi-axes  a,  a^  a3  and  center  at  x,  = 
Xj  =  0  and  x^  =  c)  of  the  half  space  is  made  up  of  a  uniform  dilatation  3e  and  an  extension 
b  parallel  to  the  Xj  axis  which  in  the  absence  of  the  surrounding  half  space  would  result  in 
a  uniform  homogeneous  strain  as 

e^=  5ij(  e-f- pSj,)  i,j=  1,2,3,  (') 

where  5jj  is  the  Kronecker  delta  (the  usual  summation  convention  docs  not  apply  to  ;uiy  of 
the  expressions  in  tliis  paper). 

For  an  inclusion  12  centered  at  x  j  =  x^  =  x^=  0  and  with  unifonn  eigenstrain  described 
by  Eq.(l ),  the  stress  field  ui  an  isotropic  inttnite  body  outside  it  cim  be  obtained  by  using 
Eshelby’s  method  (1961 ).  'Hie  result  is  given  by 

Ojj=  Iv.ij  11  ~  — 2(6|  T(+6j  .^)4) 

47i(I-v) 

(l+v)M£  ^ 

9,,-  C) 

27i(I-v) 

vvlierc  the  numerical  sutfixes,  i,  j  ~  1,2,  3,  following  a  comma  dcnolc 
differentiation  with  resfxrct  to  the  Cartesian  coordinates  Xj,  x,,  x,,  respectively;  m  arul  n 

are  the  .shear  modulus  and  Poisson's  ratio,  re.spectively;  and  y  and  fare  the  biharmonic  and 
hannonic  potential  of  attracting  matter  of  unit  density  tilling  the  volume  i2.  res[K*ctively.  l  oi 
a  spheroidal  inclusion,  that  is  a,  -  ic,, erpiation  (2)  can  be  transformed  into  cyliiuhical 


coordinates  (r,(),z)  as  follows: 


a  = - —  [6  +  zd)  H - (b  +-(|)  +f(-({>  +2(1) 

47i(1-v)  r  r  r 

Z  (1+V)ll£  *{•  r 

+  r(t)  +z(|)  +  (t)  1+  ■  -  (  +(|)  I. 

+.r/.z  +././Z  r  '»'.rz‘  I  +.//'• 

2n(l-v)  ^ 

uB  1— 2v  z  1  7. 

<^99=  -  -  1  2v<D,,-  ^  ^  4>,-'  ^  «!>,,)  1 

(l+v)|ie  <t> , 

27i(1-v)  ^ 

uB  .  (l+v)ut; 

o  = - 1  (b  —  z(l)  —  f  (3(b  +  z(b  +  r(l)  1  -  (b 

4n(l-v)  2n;(l-v) 

uB  .  .  ,  (Ifv)LU- 

O  =  '  1  7.(1)  +  f  (2(1)  +  z(})  -  r(l)  1  —  4*  • 

r/  *  ^.r/7  ^.rz  ^.r/z  ^  .777.*  ^  .  ^.r/ 

4)1(1 -v)  27i(1-v) 

^i9=^z0=^>- 


where  f  =  - 


Equations  (3)  are  obtained  with  the  aid  of  the  relationships  benvecn  the  derivatives  of  the 
functions  V  and  (()  given  by  Eshelby  (1962)  and  the  following  relationships 

V  >  =  0’ 

xi({)  2=  xyf)  ,  .  j 


X  ,il)  ,  t  X  itb  , 


where  the  letter  siiff'i.xes  fnllowiit”  ,i  eomina  denote  diffeieati.ition  wrih  lespeet  to  the 
cylindrical  coordinates  r.  t).  and  /. 

F'or  a  circular  edge  dislocation  loop  with  the  z-axis  (or  x,-axis)  as  the  axis  of  syoinietiy 
in  an  unbounded  tnediuni,  the  stress  ficki  is  found  by  Kroupa  (I960)  by  using  llankei 
transformations.  I'or  z  >  0,  Kroupa’s  .solution  c;ui  be  rewritten  as 
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s 

s. 


llba  -J  1  l-2v  I  z  I 
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^ba 


2(1 -V) 

pba 
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2(l-v) 
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<Jrt)=^z9=0. 


(3) 


where 


In.=  I(m,l;M). 

I(ni.p;n)  =  t"j  Jrt/a)Jp{t)  e 
'm=-a(l„,  ).y. 

m-1,  -nift,n-l  i  /v  .  v 

=  -  ar  (r  In,-i  ).r  (m  =  0, 1 .2,..;  ii  =  -  1 ,0. 1 ,2... ). 


((') 


and  J  is  tlie  Bessel  function  of  the  nith  order,  a  is  the  raiiius  of  tite  circular  ilislocatioii 

m 

loop,  and  b  is  the  Burger's  vector  which  is  nonnal  to  the  plane  of  the  loop  z  =  0. 

for  the  ()enny  shajre  inclusion  (a,  =  .i,  -  .i  aiul  .i,  0)  without  slicat  ainl  dilatation 

eigenstrains  (penny  shajie  prismatic  inclusion),  the  eigcnstrains  are  e| ,  -  C;  >=  0  and 
|7  If  we  reduce  I'.q  (  t)  tor  the  penny  vhaire  pii'.inalu  inclusion  ,  it  is  nileu'sting  to 
note  the  similarity  lx;twecn  la|s.(d)  and  (5).  By  putting 

't)“kl,/  (a,  )(l), 


where  k  -  2rcbay(l,  the  elastic  solutions  ol  the  penny  shape  piism.itic  inclusion  (lu|.  <)  and 
the  prismatic  loop  (lu|..‘>)  are  identical.  I  his  suggests  that  the  method  used  to  obtain  the 
.stress  field  of  a  prismatic  loop  in  the  half  space  due  to  the  piesence  of  the  fiee  suilace  can 
be  adapted  to  solve  the  ela.slic  field  cau.sed  by  an  ax  Asymmetrical  inclusion  in  the  half  .space 


I 


1 


witli  its  axis  of  syniinetry  noniial  to  the  plane  of  the  free  surface.  This  approach  is  belicveti 

to  be  quite  reasonable  since  the  solution  for  the  axisymmetrical  inclusion  can  be  applied  to 

the  penny  shape  inclusion  after  a  tedious  passage  to  the  limit  and  the  fact  that  if  the 

inclusion  has  the  siune  elastic  moduli  as  the  matrix,  the  stress  field  is  the  same  as  that  of  a 

small  dislocation  loop  when  both  the  dislocation  loop  and  tlie  inclusion  are  infinitesimally 

small  (Eshelby,  1961).  For  example,  a  small  inclusion  of  volume  V  and  an  eigenstrain 
T 

633  in  the  x^  direction  has  the  same  stress  field  as  that  of  a  prismatic  interstitial  dislocation 

T 

loop  of  area  A  and  Burger's  vector  b  provided  that  Ve33  =  Ab.  By  using  the  recurrence 

-1  .  n  2  -1 

p  relations  Eq. (7),  it  can  be  shown  that  function  Iq  salisfietl  the  L^iplace  equation  V  =0 

.T  ELASTIC  SOLU  riONS 


Consider  the  half  space  x^  =  z  >  0  (Eig.l )  with  iui  ellipsoidtil  inclusion  with  its  center  at 
the  point  (0,0,c).  In  order  that  the  plane  z  =  0  be  a  .surface  free  of  external  tractions,  the 
stress  components  on  this  pliuie  rnu.st  satisfy  tlie  following  boundary  conditions 


(8) 


and  the  ci|uilibrium  condition 


\ 

T  n  0, 
,  1  "  ' 


(O, 


Similar  to  the  work  of  Hasteckai  1 9M).  the  stress  ^  in  the  half  space  z  >  0  outside  the 
axisymmetnc  eilipsoiilal  inelusion  ecnicied  at  the  |Kuni  (O.O.c)  can  lie  ecpiessed  .is 


I  II 

CT  o  f  n  t  o  ■  , 

0  M  i|  0 


(10) 


which  satisfies  the  re(|uired  hound.iry  conditions,  lu|.(8),  the  equilibrium  condition, 
lu|.(9),  and  al.so  converges  to  zero  for  x,  ;uul  x,  approaching  +00  iuul  x^  approaching  00  . 


I 


In  Eq.(lO),  the  tenn  Ojj  is  the  stress  caused  by  the  axisymmetric  inclusion  iij  centered  at 
(0,0,c),  Oj**  is  the  stress  due  to  tlie  image  inclusion  centered  at  the  point  (0,0, -c),  with 


eigenstram 


(e^)»  =  -(ej)'  =-5;.(e  +  p5j3). 


The  solution  for  the  stresses  and  a”  are  obtained  by  translating  the  origin  of 

coordinates  in  Eq.(2)  and  Eq.(3)  to  points  (0,0, c)  and  (0,0,-c)  respectively.  The 
expressions  of  the  Newtonian  potential  functions  ij>  and  4>  for  the  solutions  of  and 
a*,  can  be  found  in  Seo  and  Mura's  paper  (1979).  The  additional  stress  o'^.  in  Eq.(lO)  is 

the  fictitious  stress  necessary  to  m.ike  the  surface  of  the  half  space  free  of  stresses  ;uid  it 
satisfies  the  boundary  conditions 


(o'„).=o=0. 

a' +  o 


When  ai  =  32,  substituting  Er|.(3)  into  E(|(I3)  gives 


- I  -r(t."j-2(l+v)e(t)"j  (14) 

2n(  1-v) 


I  II  I  a"  a'  _  " 

where,  for  l  ~  0,  9  il* ,,,  ,  “  “  **’,,/  ,  ~  ~  *5*  ,ir  Now,  in  ihe  limit  when  a, 

approaches  zero,  that  is  ,  for  tlic  iH.-nny  sliape  inclusion  ,  we  can  substitute  E.c).(7)  into 
lkl.(14)  to  obtain 


MPl-  c  r  ’  .1/..  M  ,1.. 

.,)/(»=  1-tltf)  J„t‘J,(pt)J|(l)c  dt  r  J„tJ,(pt)J,a)o  di 

271(1-  v)  a  a“ 


where  p  =  r/a. 


Ip  f"’  Vl/.l 

‘  ,  j,,'  -'(/pD'iPH-  'll 


•/. .  ,  (II  v)n}-  k  f- 


7t(l-  V) 


J„lJ,(pt).l|(iK-  ''  'di  ( 


For  ihe  axisymmetric  problcnr,  by  the  appropriate  expression  of  the  elastic 
displacement  as  the  derivatives  of  certain  function  (p(r,z)  in  cylindrical  coordinates,  the 
equilibrium  and  Beltrami  equations  are  replaced  by  a  single  equation  (Sneddon,  1951), 

4 

V  (p{r,z)  =  ().  (16) 

whose  general  solution  is  carried  out  by  the  method  of  integral  transformations.  The 
function  \j/  is  replaced  by  its  Hankel  transform  of  zeroth  order, 

G(C,z)  =  1q  r(p(r,z)Jo(Cr)  dr.  (17) 

and  it  can  be  shown  that  G(^,z)  is  in  genenil  given  by  the  expression 

G(^,z)  =  ( A  +  Bz)e  +  (C  +  Dz)e^^  ( Ig) 


where  A,  B,  C  and  D  are  unknown  functions  of  ^  which  are  detennined  from  die  boundary 
conditions.  The  stress  components  are  expressed  by  means  of  the  function  G(^,z). 

In  the  present  case,  we  consider  the  solution  to  converge  to  zero  for  z  approaching  oo. 
Thus  we  set  C  =  D  =  0.  In  order  to  detennine  A  and  B,  from  the  first  boundary  condition 
(Eq.l2),  we  obtain  the  following  relationship 


A(0  =  - 


B  IKQ 
Up  c 


(19) 


where  X  —  2iiv/(l-2v)  is  Lame's  constant.  I  roin  tlic  iclaiumslnp  between  ilie  siiess 
components  and  the  function  G(i^,z),  we  have 


where  l'(C)  is  die  Ihuikel  transhirinalion  ol  the  lust  ortler  of  the  function  (  a 


,,  I,  o 


1(0  =  -  2(>.rp)0'B(g. 


(21) 
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By  letting  t  =  a^,  and  using  Eqs.(15)  and  (19),  F(Q  becomes 


F(0  =  -  -  [  (c^  -  20J  ,(a0  +  afpo(aO  le^"^ 

27i(1-v) 

_  (l+v)k^  (22) 

n(l-v) 

This  equation  is  used  to  calculate  the  function  G  which  is  substituted  into  the  expressions 
for  stress  a’jj  (Sneddon,  1951).  In  the  calculation,  in  addition  to  the  recurrence  relations 

Eq.(6),  the  following  recurrence  (Eason,  Noble  and  Sneddon,  1955)  relation  is  also  used 


.>1  .  V  ,  V  .11,  f 

I  (ni4>-l;n)  =  (m+p-n)  1  (ni,p;n-l ) -  ^  1  (m-l,p;n) 


(23) 


z  +  c  ,11,  ,  , 

+  — ;  -1  (in,p;n)  (ni+n+p>0), 


where 


l"(m,p;n)=  jQt"j^(pt)Jp(t)e 


(24) 


ijl 


and  the  transformation  relation  between  two-dimensional  luuinonic  potential  (If,  )  and 
three-dimensional  hannonic  potential  ((j>)**  is 


(25) 


Tlte  resulting  expressions  (or  the  fictitious  stresses  0  5  itre 
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Again,  with  the  aid  of  ihf  rolaliofisliips  In-lwoct)  the  derivatives  of  the  fiinetioiis  tjt  ;ind 
given  by  R.shelby  (1962)  ,  llie  .stres.s  outside  the  inclusion  c:ui  he  obtained  by  substitute 
luj.(2)  and  l.u^.(26)  into  lu|,(  10).  In  (’jirtesian  coordinates,  the  stresses  are 


up  I 

IV, 
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and  die  dilatational  stress  is 
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it  can  be  easily  shown  that  lhc.se  stress  coinpoiienis  shown  in  liq.(27)  salisty  tlie 

* 

equilibrium  condition,  liq.(9).  f'or  points  inside  inclusion  i2|,  the  elitstic  stress  Oj^  is  given 


•  I  ••  II 

o  =  (  o  -  o  )  3  o  t  o'  , 

ii  '  i|  >1  '  ii  i|’ 


where  the  stress  (  Oj  j  -  Oj  ^  )  is  the  unifonn  .sire.s.s  inside  the  inclusion  12,  when  the  medium 


is  infinite  and  whose  .solution  has  been  given  by  Mura '(1982,  Bq.l  1.20). 


For  the  elastic  field  in  a  half  space  caused  by  an  ellipsoidal  inclusion  (aj  =  ^2)  witli 
uniform  dilatational  eigenstrain  only  ,  i.e.  P  =  0,  Eq.(28)  becomes 
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-4v5i<j>  33+2x3(1)"3J. 


(30) 


Equation  (30)  is  the  same  as  Seo  and  Mura's  result  (1979)  for  the  elastic  field  in  a  half 
space  caused  by  an  ellipsoidal  inclusion  with  uniform  dilatational  eigenstrain.  The  Mindlin 
and  Cheng's  result  (1950)  for  a  sphere  with  a  uniform  dilatational  themiaJ  expansion  can 
also  obtained  by  Eq.(30). 


For  the  elastic  field  in  a  half  space  caused  by  a  penny  shape  inclusion  (a,  =  112  =  a  iuui 

aj  0)  without  shear  and  dilatation  eigenstrains  (penny  shape  prismatic  uiclusion),  ilie 
T  T  T 

eigenstrains  are  Cj  j  =  €22=  0  and  €33  =  P  .  Eq.(26)  becomes  (in  Cartesian  coordinates) 

0  ij=  I  (1~2v)(6j3+  5j3-1)(|)  jp-  (j)  jj3+  2v5jij>  333-  jj33  (31 ) 

27i(1-v) 

and  the  stress  field  for  exterior  point  of  12,  is 

uP  I  II  ,  „  I  It  It 

Oij=  ^  ;  I  (  )( <f',,j3)-  (l-2v)(h,3  +  tSj3-l)(4)  0  ,,+  2c4)  ) 


4n(l-v) 


^  „  i  It  ^  It  It  , 

—  2v5j^(  4*  33~  4*  33  ^  ^  "^''34*,,j33  I- 


(32) 


By  using  the  relationship  lic|.(7)  ;ukI  tr;uislonned  into  cylindrical  coordinates,  liq.(32) 
gives  the  same  results  as  obtained  by  Basiecka  (1964)  lor  a  circular  edge  dislocation  loop  in 
the  half  space. 


4  SUMMARY 


The  stress  field  in  the  half  space  (z  >  0)  caused  by  an  ellipsoidal  inclusion  12 1  centered 
at  (0,0,c)  with  eigenstrain  eij=  5jj(  e  +  ^8^3)  which  in  the  absence  of  the  surrounding 

half  space  would  result  in  a  uniform  homogeneous  strain,  not  accompanied  by  stress,  is 
found  by  the  superposition  of  the  following  three  stress  fields:  (a)  the  stress  field  of  the 
inclusion  a,  centered  at  (0,0,c)  with  eigenstrain  ejj  in  an  uvfmite  medium,  (b)  the  stress 

’I 

field  of  the  image  inclusion  122  centered  at  (0,0,-c)  with  eigenstrain  -  e-,  and  (c)  the 
additional  Fictitious  stress  field  that  makes  all  stress  fields  satisfy  the  equilibrium  and 
boundary  conditions. 

The  stress  field  of  the  inclusion  in  an  infinite  medium  obtained  by  Eshelby  is 
compared  with  the  stress  field  of  a  prismatic  loop  in  an  infinite  medium  as  obtained  by 
Kroupa.  A  relationship  is  found  between  the  potential  function  (J)  of  the  inclusion  and  the 
integral  function  Iq',  which  involves  the  product  of  Bessel  functions  J^,  for  the  solution 

of  the  prismatic  loop. 

The  fictitious  stress  field  is  solved  first  for  the  two  dimensional  problem  by  using  the 
Hankel  transformation  method  and  then  it  is  transfomied  into  the  three  dimensional  case 
by  use  of  the  relationship  between  ^  and  I^*. 

The  solution  of  the  ela.stic  field  in  the  half  space  with  ellip.soidal  inclusions  with 
unifomi  dilatational  eigenstrains  obtained  by  Sco  ;uh1  Mura  (1979)  has  been  rearranged 
into  three  temis  corre.sponding  to  the  .stress  field  of  the  inclusion  12|  in  lui  infinite  medium 
centered  at  (0,0,c)  with  eigenstrain  8;  €,  the  stress  field  of  the  image  inclusion  centercti 
at  ((),(), -c)  with  eigenstrain  --  aiul  the  arlditional  ficlitious  stress  field.  It  lias  afso  been 
shown  that  Seo  and  Mura's  results  arc  a  .s|H.’ciai  ca.se  of  the  pre.scnt  solution. 
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HGURECAPTION 

Fig.  1  -  Ellipsoidal  inclusion  O,  with  principal  half-axes  a,,  aj,  83  in  a  half  space  and  its 
I  image  llj. 
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THREK-OIMENSIONAL  STRESSES  IN  A  MALE  SPACE 
CAUSED  BY  PENNY-SHAPED  INCLUSIONS 


INTRODUCTION 

Elastic  fields  caused  by  inclusions  in  infinite  media  have  been  extensivlcy  investigated  by  several 
authors  {1-5]  after  Eshelby’s  work  16-8].  Other  research  efforts  have  addressed  the  half-space  prob¬ 
lem  with  an  inclusion  located  near  the  free  surface  (9-12].  In  these  studies,  the  following  methods 
were  used;  Galerkin  vector  (9).  Papkovich-Neuber  displacement  potential  [10).  image  stress  caused 
by  two  cuboidal  inclusions  with  uniform  eigcnstrains  (ll],  and  Green's  function  in  the  half  space 
(121.  Mura  has  recently  reviewed  these  research  efforts  (13). 

When  the  elastic  moduli  of  an  ellipsoidal  subdomain  of  a  material  differs  from  those  of  the 
remainder  (matrix),  the  su'txlomain  is  called  an  ellipsoidal  inhomogencity.  Cracks,  voids,  and  precipi¬ 
tates  are  examples  of  these  inhomogeneitics.  A  material  containing  inhomogeneitics  is  assumed  to  be 
free  from  any  stress  field  unless  an  external  stress  field  is  applied.  On  the  other  hand,  a  material 
containing  inclusions  is  subjected  to  an  internal  stress  caused  by  the  eigenstrain  ej  even  if  it  is  free 
from  any  external  loads.  The  definition  of  eigenstrains  has  been  given  by  Mura  (13)  and  is  the  same 
as  the  stress-free-transformation  strain  described  by  Eshelby  (6). 

The  solutions  for  ellipsoidal  inhomogeneitics  can  be  reduced  to  the  penny-shaped  or  elliptical 
crack  case  by  setting  the  elastic  constants  X  and  n  for  the  inhomogeneitics  equal  to  zero.  The  solution 
of  the  three-dimensional  problems  for  these  cracks  has  received  considerable  attention  (14-19).  The 
stress  field  of  a  penny-shaped  crack  in  the  half  space  can  be  solved  by  obtaining  the  relevant  system 
of  integral  equations  for  the  problem  formulated  by  Erdogan  and  Gupta  (20)  for  the  stress  analysis  of 
multilayered  compiosites  with  a  flaw. 

In  the  present  study,  Eshelby’s  method  for  ellipsoidal  inclusions  (6-8)  and  Hankel's  transforma¬ 
tion  method,  used  to  obtain  the  elastic  solutions  of  a  circular  dislocation  kx>p  in  an  unbounded  media 
(21)  and  in  the  half  space  (22),  are  used  for  the  analysis  of  the  elastic  solution  of  axisvmmetric  inclu¬ 
sions  and  axisymmetric-ellipsoidal  inhomogeneities  in  the  half  space.  The  methcxl  provides  a  novel 
way  lor  obtaining  the  image  stre.s.ses  of  an  ellip.soidal  inclusion  in  the  half  space.  It  is  u.scd  to  lind  a 
more  general  solution  of  an  ellipsoidal  inclusion  with  anisotropic  eigenstrain.  Existing  solutions  are 
shown  to  be  special  ca.scs  of  the  pre.scnt  result.  This  mclhixl  can  also  be  used  to  obtain  the  stress 
field  of  a  penny-shaperl  crack  in  the  half  space. 

BA.SK  AITKOACM 

111  this  report,  we  consuier  an  axisymmctcic  ellipsoidal  inclusion  U,  m  a  h.ill  space  (l  ig  1)  In 
general,  the  inclusion  12,  is  given  by 
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Fig.  I  —  Ellipsoidal  inclusion  with  principal  hall  axis 
(1,  =  Oj.  (2,  in  a  half  space 


Symmetry  with  respect  to  the  jrraxis  is  then  defined  by  a,  =  «2,  and  the  anisotropic  eigenstrain 
of  the  inclusion 

‘’u  ""  *■  ‘  j  ~  '•  2.  3,  (21 

where  is  Kroncckcr  (ielta.  (Note  that  the  usual  summation  convention  does  not  apply  to  any  of  the 

expressions  in  this  report  )  r'(|uation  (2)  states  that  only  normal  eigenstrams  appear,  ami 
r  r  r 

e  I  j  ~  r'22  “  e  and  e  —  c  h  . 

For  the  inclusion  1?|  defined  by  Fa|.  (I)  with  the  uniform  cigcnstruin  described  by  F(.|.  (2)  with 
rr  1  -  0,  the  stress  field  m  the  imbouruled  medium  outside  iJ,  is  obtained  bv  using  I'slieltn  s  method 

|6-S).  The  result  is  given  by 


”0  ""  .j-(l  f)  ~  2e)(<>,,  I  2i-<S,^(A.,,l 


;i(  I  I  !')<' 
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where  the  numerical  suffixes.  i,j  =  1.  2.  3.  following  a  comma  denote  differentiation  with  resjx  t 
to  the  Cartesian  ctxtrdinatcs  .ri.jfj.Xj.  e  g.  </>„j  =  d^<i>/dx,dxj ,  and  <)>  is  the  Newtonian  potential 
function  that  is  given  by 


2  f  ^  j 


where 


U  =  \  - 


xr  +  x-i 


af  +  s  nr  +  s 


A  =  {a  ^  +  5)(rt^  +  , 

and  Xo  is  the  largest  root  of  (/  =  0  outside  of  ff,  and  Xq  =  0  inside  of  f]|.  For  inclusions  with  u: 
form  dilatation  eigenstrain  only  (b  =  0),  fiq.  (3)  is  valid  for  any  03  value.  The  detailed  express!  1 
of  <t>  for  both  the  oblate  spheroid  (Oj  >  03)  and  the  prolate  spheroid  (o ,  <  03)  are  given  by  Yu  |23|. 
Equation  (.'^)  can  be  transformed  into  cylindrical  cirordinates  (/  .  0,  z)  as  follows: 


ab  \  —  2i'  z 

= - +  — — ■  A.r  +  —  d) 

"  4rr(l  -  k)  "  ~  r  '  r 
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Equations  (.“i)  are  obtained  wath  the  aid  ot  tlie  ti'llowing,  relatiop.'.hip'. 


V  0  . 


—  (X|<f).,  +  X2<i>.j). 
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where  the  letter  .sulTixcs  tollowing  a  comma  dcnt>tc  dilicrcntiation  with  rcs|>cci  to  the  cylindrical  ciKir 
dinates  r.  0,  and  c,  e.g.  =  d^<t>ldrdz. 

For  a  circular-edge  disliKation  loop  with  the  z-axis  as  the  axis  of  symmetry  in  an  unbounded 
medium  (Fig.  2),  the  stress  field  is  found  by  Kroupa  121|  by  using  Hankel  transformations.  I'or 
j  >  0,  Kroupa’s  solution  can  be  rewritten  as 


<^re  =  o-s  =  0, 


where 

c  = 

=  C"', (w  -  0,  i ,  2  .  .  ;  n  -  -  1 . 0.  1 .  2  .  .  .  1 . 

and  J„  is  the  Bessel  functin  of  the  wth  order,  a  is  the  radius  of  the  circular  diskx'ation  Iwp,  and  h' 
is  the  Burger’s  vector.  Equation  (7)  is  obtained  by  the  nietluxl  of  Hankel  transformation  as  used  for 
cylindrically  symmetric  problems  of  the  theory  of  elasticity  in  Sneddon’s  book  [241  and  subjected  to 
the  following  boundary  conditions: 

u.(r ,  0)  -  i  h'  for  0  <  r  <  <t  , 

0  for  r  >  <1  .  (S) 

o^.  (r,  0)  0  for  0  X  r  <  oo  . 

For  the  penny-shaped  inclusion  without  shear  and  dilatation  eigenstrains  (penny-sha|H.'d  prismatic 
inclusion),  which  is  the  axisymmctric  inclusion  when  <13  approaches  zero,  the  equivalent  cigen.strains 
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are  =  e-, 2  =0,  ^33  ^  0.  If  we  reduce  Eq.  (5)  for  a  penny-shaped  prismatic  inclusion,  that  is, 
03  —  0  and  e  =  0,  it  is  interesting  to  note  the  similarity  between  Eqs.  (5)  and  (7),  By  putting 

<A=A-/o-'  («3-0),  (9) 

where  k  =  li^h'a/h,  and  a^  =  a,  the  clastic  solutions  of  both  the  penny-shaped  prismatic  inclusion 
(Eq.  5)  and  the  circular-edge  dislocation  loop  (Eq.  7)  arc  identical.  This  suggests  that  the  method 
used  to  investigate  the  elastic  solution  of  a  circular-edge  dislocation  loop  in  the  half  space  [22]  can  be 
applied  to  solve  the  elastic  field  caused  by  an  axisymmetrical  inclusion  in  the  half  space.  This 
approach  is  resonable  since  the  solution  of  the  axisymmetrical  inclusion  can  be  obtained  by  the 
integration  of  the  results  of  a  penny-shaped  prismatic  inclusion  and  the  fact  that  if  the  inclusion  has 
the  same  cla.stic  moduli  as  the  matrix,  the  stress  field  is  the  same  as  that  of  a  small  dislocation  loop 
when  both  the  dislocation  loop  and  the  inclusion  are  infinitesimally  small  [8].  For  example,  a  small 
inclusion  of  volume  V  and  an  cigenstrain  in  the  .X3  direction  has  the  same  stress  field  as  that  of  a 
prismatic  interstitial  dislocation  loop  of  area  A  and  Burgers  vector  provided  that  ^<>33  -  .d/j. 

Consider  the  half  space  X3  -  ;  >  0  (lug.  1),  an  axisymmetnc  inclusion  with  the  center  at  the 
point  (0,  0,  c)  in  .such  a  way  that  its  axis  of  .symmetry  (z  -axis)  is  perpendicular  to  the  plane  of  the 
free  surface  z  =  0.  In  order  that  the  plane  z  =  0  be  a  free  surface,  no  force  must  act  on  it.  thus  the 
stress  components  at  z  =0  must  satisfy  the  boundary  conditions 
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and  the  equilibrium  condition 
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Similar  lo  the  work  of  Bastccka  (221,  the  stress  outside  the  axisymnieiric  ellipsoidal  inclusion 
centered  at  the  point  (0.  0,  c  )  but  in  the  half  space  z  >  0  is 


(12) 


which  will  satisfy  the  required  boundary  conditions  (Eq.  10)  and  the  equilibrium  condition  (Eq.  II). 
This  converges  to  zero  for  .r,  and  jr,  approaching  ±  oo  and  x,  approaching  oo.  In  Fq.  (12),  the  term 
a--  is  the  stress  caused  by  the  axisymmetric  inclusion  fl|  (and  outside  ot  it)  centered  at  the  point 
(0,  0,  c);  a"  is  the  stress  caused  by  the  image  inclusion  ft2  centered  at  the  point  (0,  0,  -c)  (Fig.  3) 
with  cigenstrain 
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X, 
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^  '  Scnii-intinitc  solid  containing  an  ellipsoidal  inclusion 
and  its  image  U; 
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Equation  13  shows  that  ajj  is  an  additional  stress  that  satisfies  the  boundary  condition 

(o^)j=o  =  -(oL  +  =  0; 


(14a) 


(a^).  _()  —  (o'-  +  a'i).  1). 


(14b) 


The  solutions  for  the  stresses  and  o”  arc  obtained  by  translaiinsj  the  origin  of  coordinates  in 
Eq.  (3)  and  Eq.  (5)  to  points  (0,  0.  c),  and  (0.  0,  —(c)  respectively.  The  Newtonian  potential  func¬ 
tion  <t>'  and  <t>"  for  the  solutions  of  alj  and  olj  respectively  are  given  by 

U, 

4>'  =  Tta^Oy  f  - ds  . 

■’^1  A 


where 


U, 


4>"  -  Tra}a^  f  — ^  ds 


(15) 


U,  =  I 


(y,  =  I  - 


x}  +  x}  ^  (JTJ  +  c)‘ 
<jf  +  5  aj  +  s 


A  =  (a}  +  s)(a{  +  5)‘'^ 


and  where 


X]  is  the  largest  root  of  fy,  =  0  for  exterior  points  of  1), 


X|  =  0  for  interior  points  of  and 


X2  is  the  largest  root  of  U2  =0. 

SOLUTION  FOR  <1,; 

Sub.stituting  Lqs.  (5)  and  (13)  into  liq.  (14)  gives 

(o',),  o  0. 


(Iba) 


i<K: ):  .  0 


27r(l  -  t>) 


2(1  4 


(16b) 
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where  tor  ;  =  0,  <t>,^  —  ~  Now.  in  the  limit  when  (j ,  tipproiichcs  zeiu,  ih.ii 

is,  for  the  penny-shaped  inclusion  (fl,  =  a,  “  substitute  Eiq.  (9)  into  Eq  (16b)  to  obtain 


(‘^;:);=o  =  - 


fibc 


2t(1  -  u) 


where  p  =  r/a. 


p(  I  +  i')e 

7r(I  -  v) 


r  /./,(p/)J,(/)e-"^"r/r  . 
a 


(16c) 


For  the  axisymmetric  problem,  by  the  appropriate  expression  of  the  clastic  displacements  as  the 
derivatives  of  certain  function  \l/(r ,z)  in  cylindrical  coordinates,  the  equilibrium  and  Beltrami  equa¬ 
tions  are  replaced  by  a  single  equation  [24] 


vV(r.O  =  0,  (17) 

whose  general  solution  is  carried  out  by  the  method  of  integral  transformations.  The  function  4/  is 
replaced  by  its  Hankel  transform  of  cewth  order, 

G(r.;)  =  ryP{r ,z)Jo{^r)  dr  ,  (18) 

and  it  can  be  shown  that  G(^.z)  is  generally  given  by  the  expression 

G(^.z)  =  (/I  +  Bz)e~''  +  (C  -t-  Dz)c^'  .  (19) 

where  A,B,C  and  D  are  unknown  functions  of  s'",  which  are  determined  from  the  boundary  condi¬ 
tions.  The  stress  components  are  expressed  by  means  of  the  function  G(i,z). 

In  the  present  case,  we  consider  the  solution  to  converge  to  zero  for  c  approaching  oo.  Thus 
we  set  C  =  D  =  0.  To  determine  A  and  B  from  the  first  boundary  condition  (Eq.  16a),  we  obtain 
the  following  relationship 


A 


r  B 

X  f  /I  (■ 


CO) 


where  X  =  2p»'/(t  -  2r’)  is  Lame’s  constant.  ITom  the  sccoiui  bouiulary  condition  (Ec).  16b),  as 
modified  in  Eq.  (I6c),  we  have 


(,t;,),  „  =-  /(r) 

C  (■/•'((-y/.tc-r)  ./(■. 
■'(1 

where 


Fin  =  -2(x  -t-  p)r«(f). 


(22) 
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When  t'  -  0  aiiil  <l>  '  —  ,  liq.  (26)  reduces  lu  ihe  same  icsulis  oliiaincJ  Baslccka  \lJ\  Uu 

a  circular-edge  dislocation  loop  in  the  half  space.  In  Cartesian  coordinates.  Bq.  (26)  becomes 


-  [(«  -  2.^)(6„  +  6y  -  1)0.",  -  0.", 

2if(\  -  v)  L 


+  2l'6/y0,{33  -  -Y30,iy33 


7r(l  -  i') 


(1  -  2v)(63,  +  63^  -  1)0."  -  0." 


+  2.5,,0.,{'3  -  -1 30. "3 


It  can  be  shown  that  al.  satisfies  the  equation  of  equilibrium,  that  is. 


(27) 


E 

/“I 


(2S) 


Therefore,  for  points  outside  fi,.  the  stress  field  caused  by  the  presence  of  a  penny-shaped  inclu¬ 
sion  in  the  half  space  can  be  obtained  by  Eqs.  t3).  (12),  and  (27).  Thus. 


a,;  = 


4^(1  _  -  d.."3)  -  (1  -  2.)(63,  +  <53^.  -1)(0,'  -  0."  +  2C0.//3) 


-2r6,.(0.{3  -  0,I!3  +  2c4>,i'n)  +  2c.Xy<i>.lUs] 


(<;>.,'  +  d>.,^  -  2(1  -  2,>)(8y  +  6,^  -  1)0. 

27r(l  -  r)  '  '  ^ 


"  -  4 >'5,3 6. i". 


+  Zr30."3|. 


(29) 


For  points  inside  fl,.  the  elastic  stress  a*  is  given  by 


<1 


* 

•/ 


o 


*  * 


("/y  •  »*,*>  '  "//  ' 

where  — the  unilorni  stress  that  exists  in  the  inclusion  caused  bv  the  imitorm  cigciisiram  >'/ 
(Eq.  2).  The  stress  (oil  -  a**)  is  the  uniform  stress  inside  the  inclusion  il,  when  the  medium  is 
infinite.  The  solution  is  expressed  explicitly  by  Mura  (113|.  liq.  11.20).  liquation.,  (';).  (12).  and 
(26)  give  the  .stress  field  in  cylindrical  coordinates. 
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Sco  anil  Mura’s  results  [I2J  for  ilie  clastic  ndil  in  a  hall  span'  caused  by  tin  ellipsoidal  inch moii 
with  uniform  dilatational  cigenstrain  (obtained  by  using  Mindlin’s  solution  [25]  for  Green's  function 
in  the  half  space)  can  be  obtained  as  a  special  case  by  taking  b  -  Q  (and  ir,  =  ^2)  Eqs.  (29)  and 
(30).  Mindlin  and  Cheng’s  results  (9)  for  a  sphere  can  also  be  obtained  as  a  special  ease  by  taking 
a,  =  02  =  Oj  and  Zr  =  0  in  Eq.  (29). 

ELASTIC  STRAIN  ENERGY 

The  elastic  strain  energy  can  be  expressed  as 

IV  =  -  -  (a*  eJ,dV, 

2  JQ,  u  'r 


1  5  -  1 

-C  ^  O*  edV  -  --  \a%^hdy 

2  »  2  ■'0, 


where  af,  is  the  dilation  stress  field  in  the  incius  -.i.-i.  It  is  giveii  'ey 


2^(1  +  v)b 
(1  -  f) 


I  +  ■;  (<^’>33  "  ‘^’•33  2c<i>,333) 


when  b  =  0,  the  strain  energy  obtained  is  the  same  as  that  obtained  by  Sco  and  Mura  |12j. 

THE  ELLIPSOIDAL  INHOMOGENEITY 

When  an  inhomogeneity  contains  an  cigenstrain,  it  is  called  an  inhomogeneity  inclusion 
Eshelby  [6]  first  pointed  out  that  the  stress- field  changes  caused  by  an  inhomogeneity  when  the 
remotely  applied  stress  is  a“  can  be  simulated  by  the  cigenstress  caused  by  an  inclusion,  if  the  eigen- 
strain  is  properly  chosen.  This  eigenstrain  is  sometimes  referred  to  as  the  equivalent  eigenstrain, 
or  the  equivalent  stress-free  transformation  strain.  For  a  given  uniformly  applied  stress  o"  and  a  uni¬ 
form  eigenstrain  .  the  normal  components  of  the  equivalent  cigenslrains  are  given  by  12.') 


(X  -  X*)e'  b  r  2„c,'.  b  2(,.‘  V 


XV''  t  (X  xve"  t  2/.*,/;  I 


where  1/  =  11,  22.  33  and  kl  denotes  summation  over  II,  22,  33  only;  e'^.  e''  and  < "  are  the  sum 
of  three  normal  components  of  strains  ej.  and  c.'J  respectively; 
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In  this  equation,  ft,  X  arc  the  clastic  constants  of  the  matrix,  ft' ,  X*  arc  the  cijsac  eonsiani.s  ol  il.c 
inhomogencity;  and  /].  /t,  fy,  and  5^^/  arc  constants  whose  x'alucs  depend  on  the  shajic  of  the  inclu¬ 
sion  as  given  by  Eshelby  (6-8).  Some  detailed  expressions  for  these  constants  for  the  inclusions  of 
special  shapes  arc  given  by  Mura  (131.  Therefore,  by  solving  ilic  set  of  three  siimiltaneous  equations 
in  Eq.  (33).  the  equivalent  eigenstrains  efj .  ejj.  and  ejy  arc  obtained  once  the  uniform  cigenstrain 
and  uniformly  applied  stress  arc  given.  If  both  and  <■"  aic  axi.symmeiric  for  .in  axisyin 
metrical  inclusion,  the  rc.sultant  equivalent  cigenstrain  e,j  is  also  axisymmctric  and  can  be  represented 
in  the  form  of  Eq.  (2).  Then  the  results  of  Eqs.  (3).  (5).  (12).  (26).  (27),  (2‘)).  and  (.^0)  can  be 
applied  accordingly  to  solve  the  .stress  field  and  strain  energy  of  an  axisymmetrical  inhomogeneous 
inclusion  in  the  half  space. 

SURFACE  DISTORTION  AND  DILATATION  FIELD 

The  roughness  of  solid  surfaces  is  a  second-order  effect,  but  it  has  profound  practical  conse¬ 
quences  in  many  fields  of  engineering  and  pure  science.  In  many  practical  situations,  the  presence  oi 
inclusions  or  inhomogeneities  under  an  external  load  will  change  the  surface  profile.  The  displace¬ 
ment  of  the  free  surface  (z  =  0)  solved  by  the  present  method  is: 


('  ‘  ,  ..  I, 


-  C(</.,"),  ..ol  +  -  (<^."),..o- 
27r  TT 


The  presence  of  inclusions  or  inhomogeneities  under  an  external  load  will  also  produce  a  dilaia- 
tional  field.  The  dilatational  field  in  the  matrix  obtained  in  the  present  study  is: 


y 


(1-2  i')b 
47r(l  —  f) 


-  4>Ji  +  2cd.-'/-) 


,  (1  -  2i/)(l  +  v)e  ^  „ 

+  - - -  . 

7r(l  -  I') 


The  imjxirtant  relationships  between  the  dilatation  field  and  the  cquilibriiim-conccniration  disiribulion 
for  dilute  solutions  in  stressed  solid  arc  given  by  Li  |26|- 

SUMMARY 

The  stress  field  in  the  half  space  (;  >  0)  caused  by  a  pciiny-sliapcd  iiulusion  SI,  ccnicicil  .n 
(0,  0.  c)  with  cigenstrain  c,^  =  6,^(e  +  66,,)  i*;  finind  by  the  superposition  of  the  tollowing  three 
stress  fields:  (a)  the  stress  field  of  the  inclusion  Sf,  centered  at  (D.O.c)  with  eii'cnstrain  <■[  in  an  inli 
nitc  medium;  (b)  the  stress  field  of  the  image  inclusion  12,  cciiictcd  at  (0.  t).  (  )  wiih  cigcnsii.un 

aiui  (c)  the  additional  fictitious  stress  field  that  m.ikcs  .dl  siicss  fields  saiislv  ilic  iHiiulibiuim  .nid 
bomularv  conditions. 

The  stress  field  of  the  penny-shaped  prismatic  inclusion  m  an  mfiiiilc  medium  obtained  by 
fishelby  is  compared  with  the  stress  field  of  a  prismatic  loop  in  an  infinite  metlium  as  obtained  by 
Kroupa  |21).  A  relationship  is  found  between  the  potential^  function  <p  tif  the  inclusion  and  the  mtcgial 
function  ‘ ,  which  involves  the  product  of  the  Bc.sscI  functions  J„  for  the  solution  of  the  prismatic 
loop. 
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The  Ijcliiious  stress  t'lelcl  is  solved  first  tor  ll'.e  t\v()-t|jiiicnsn.iiu:l  jiroblciii  by  ii-mg  the  Manse' 
transformation  method  and  then  it  is  transformer!  into  the  three-dimensional  case  by  use  of  the  rela 
tionship  between  tt>  and  /q  '  - 

The  solution  of  the  elastic  field  in  the  half  space  with  cllipsodial  inclusions  with  uniform  dilata- 
tional  cigenstrains  obtained  by  Seo  and  Mura  (1979)  has  been  rearranged  into  three  terms  correspond¬ 
ing  to  the  sress  field  of  the  inclusion  Q,  in  an  infinite  medium  centered  at  (0,0, -c)  with  eigenstrain 
the  stress  field  of  the  image  inclusion  fti  centerd  at  (0.0. -c)  with  eigenstrain  -6,je,  and  the 
additional  fictitious  stress  field.  It  has  also  been  shown  that  when  «|  =  Ui.  Seo  and  Mura’s  results 
are  a  special  case  of  the  present  solution. 
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INTRODUCTION 

inlense  interest  in  thin-filin  technology  has  been  spurred  by  the  growing  importance  of  micro¬ 
electronics,  metal  matrix  composites,  ceramic  matrix  composites,  high  transition  temperature  super¬ 
conducting  films,  and  compositionally  modulated  materials.  Correspondingly,  the  determination  of 
lilm  propcitics  has  boctune  ol  greater  importance.  I  he  need  lor  techniques  to  .•-uidy  tlte  mechanical 
properties  ol  thin  films,  which  are  iisuallv  defined  as  coatings  of  thickness  of  up  to  a  lew  microine 
ters,  has  recently  rekindled  an  interest  in  microhardness  and  submicroindentation  devices.  The  con¬ 
tinuous  indentation  test,  also  known  as  the  impression  test,  measures  the  elastic  constants  of  bulk 
materials  [1-3],  In  these  tests,  the  displacement  and  the  load  of  the  indenter,  which  is  pressed  onto  a 
specimen  at  a  predetermined  speed,  is  recorded.  The  slope  of  the  unloading  curves  in  the  load  vs 
depth  plot  determines  the  elastic  modulus  of  the  specimen.  Recently,  a  high-resolution  nanoindenter 
was  used  to  determine  the  Young’s  modulus  of  thin  films  (4)  from  the  linear  unloading  portion  of  the 
indentation  load  vs  depth  curves.  It  was  also  shown  that,  as  the  indenuiiion  deptli  d  approaches  the 
dimension  of  the  film  thickness  h,  the  intluence  of  the  substrate  can  be  detected  because  of  the  chang¬ 
ing  contributions  of  the  film  and  the  substrate  to  the  measured  elastic  constant.  For  small  indentation 
depth  relative  to  the  film  thickness,  the  data  approach  that  expected  for  bulk  film  material  since  the 
indenter  interrogates  the  film  near  its  surface  only.  For  deep  indentations,  the  data  approach  that 
expected  for  bulk  substrate  material. 

The  indentation  problem  is  a  mixed  boundary  value  problem,  more  commonly  known  as 
Boussinesq’s  problem.  Harding  and  Sneddon  {5J,  Sneddon  [6],  and  Miki  [7]  have  considered  this 
problem  when  a  semi-infinite  space  is  indented  by  a  cone,  a  sphere,  and  a  flat-ended  cylindrical 
punch.  The  flat-ended  cylindrical  punch  problem  for  an  elastic  layer  resting  frictionicsslv  on  a  rigid 
foundation  has  been  considered  by  Lebedev  and  Ufiiand  (8).  The  rigid  substrate  supporting  the  elas¬ 
tic  layer  is.  of  course,  a  mathematical  artifice  that  simplifies  the  analysis.  Some  investigators  con- 
sidcYcd  the  indentation  of  an  elastic  layer  perfectly  bonded  to  an  elastic  half-space  made  up  of  dif¬ 
ferent  materials.  Wu  and  Chiu  (9J  considered  the  plane  strain  problem  and  reduced  the  mixed  bound¬ 
ary  value  problem  to  a  single  Fredholm  integral  equation  of  the  second  kind  Dhaliwal  (10)  was  able 
to  reduce  the  axisymmetric  problem  of  a  flat-ended  cylindrical  punch  on  a  layered  elastic  medium  to  a 
Fredholm  iniegral  equation,  which  he  solved  approximately  to  esiimaie  ihe  safety  of  foundations  sup¬ 
porting  cylindrical  columns.  Subsequently  Dhaliwal  and  Kau  |ll|  extended  the  analysis  of  Dhaliwal 
to  punches  of  arbitrary  profile  but  did  not  present  anv  numerical  results 

A  second  approach  to  the  solution  of  mixed  boundary  value  problems  is  to  replace  the  exact 
boundary  condition  by  an  approximate  one  and  solve  the  new  elasticity  problem.  Chen  and  Hngel 
(12)  used  this  approach  to  study  the  impact  and  contact  stresses  caused  by  riai-cndcd  cylindrical  and 
parabolic  punches  on  a  composite  medium  consisting  of  one  or  two  clastic  layers  (lerfectly  bonded  to 
each  other  and  to  an  clastic  homogeneous  half-space. 


Mamiscript  approverd  Augu>l  |<).  |*^HK 
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The  punch  ptobicni  (I'or  any  shape  punch)  for  an  clastic  layei  rcsiinj;  (liciioiilcssly  on  an  clastic 
substrate  (half-space)  has  not  been  considered.  The  punch  problems  for  conical  or  spherical  punches 
for  a  layer  perfectly  bonded  to  an  elastic  substrate  have  not  been  considered  either.  The  need  for  the 
solution  of  these  problems  for  determining  the  elastic  proi>CTtics  of  thin  films  by  the  indentation  test  is 
obvious.  The  contact  between  the  thin  film  and  the  substrate  is  neither  frictionless  nor  perfectly 
bonded.  The  solutions  and  numerical  values  for  IhiiIi  ideal  cases  should  be  obtained  to  set  oiiidelincs 
for  the  indentatioti  test,  i.e.,  to  determine  what  the  pro|>er  substrate  is  and  what  the  rci|uircd  I'llm 
thickness  is  so  that  the  film’s  el.istie  constants  may  Iv  measured  within  a  picdetcrmincd  decree  ol 
accuiaey.  riie.se  are  goals  of  this  investigation. 

FORMULATION  OF  THK  PROBLKM 

Consider  an  infinite  layer  of  thickness  h  with  clastic  constants  ny.  i',.  overlaying  a  half-space 
substrate  with  elastic  constants  nj,  I's,  and  a  rigid  axisymmetric  indenicr  (punch)  with  a  flat,  conical, 
or  hemispherical  end  (figs.  I  to  3.  respectively)  and  axis  normal  to  the  layer  stirf.ice.  piessine  frie- 
tionlessly  on  the  layer.  (  house  cylimlrical  eiHirdmate  a.xes  (r.  0,  z)  such  that  ;  is  par.illel  to  the  een 
cratrix  of  the  indenter,  r  is  perpendicular  lo  z .  0  is  the  angular  distance  between  a  lelerence  line  and 
r.  and  the  origin  of  coordinates  is  located  at  the  first  point  of  eontact  between  the  indenter  and  the 
layer  (center  of  first  contact  area  for  the  flat-ended  indenter). 


P 

T 


-► 


r 


t 

/, 


Fig.  1  A  composilc  nicUium  consisting  of  an  elastic  layer  cilhcr  (sorfcctly  tsmded  to 
or  smoothly  overlaying  an  claslic  semi  inTiniie  siihslrale  iintenled  bv  a  rigid  flai  ended 
cyilluifKTtI  iiuk’nU'i 
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Fig.  2  —  A  composite  metliuin  consisting  of  an  elastic  layer  citlicr  perfectly  Ixtnded  to 
or  smoothly  overlaying  an  elastic  semi-infinite  substrate  indented  by  a  rigid  conical 
indenter 
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(  ig.  3  —  A  composite  medium  consisting  of  an  elastic  layer  cither  perfectly  bonded  to 
Of  smoothly  overlaying  an  elastic  seiiii-inhintc  substrate  iiKlcnicd  by  a  rigid  spherical 
imlcnicr 
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The  Pai'kovich-Ncubcr  tiinchons  may  then  he  iisct)  to  formuiale  ihe  problem  Ihiis.  in  terms  of 
a  pair  of  harmonic  funclions  (r ,  z)  aiul  (r,  z)  (J  —  1.2).  ihc  displacemeni  and  stress  com- 
poncnl.s  of  inlcrc.si  may  be  written  as 


• 

2,1,  n,, 

-  ^,'^1  -  v^..-  - 

"o 

11 

1 

(i) 

=  (1  -  2..,)'k,., 

—  z'k,  and 

/ 

1.3.  .= 

where  the  letter  subscripts  lollowing  a  eoiimui  deiutte  dillcreiitiation  uiih  respect  to  the  indicated 
cylindrical  coordinates,  e.g.,  <pj  ^  =  d'tpjidrdz. 

The  harmonic  functions  <Pj(r ,  z),  z)  may  be  expressed  in  temts  of  a  new  set  of  unknown 
functions  ^,(X),  (/  =  1,  2,  . . .  ,  6)  as  the  following  Haukel  integrals 


'l'i(r',  z )  =1  (/4  I  ch  Xz  +  /fj  sh  Xz) — ■  </X. 

■^0  sh  X/i 


=  (/43  sh  Xz  +  ch  Xz)  z — — rr 


•fiiir,  z) 

'{'2(r.z)  =  j  -'■»yo(Xr)r/X. 


X  sh  X/t 


(2) 


where  ch  Xz  and  sh  Xz  are  hyperbolic  cosine  of  Xz  and  hyperbolic  sine  of  Xz  respectively  and  Jq  (kr) 
is  the  Bessel  function  of  the  first  kind  of  order  0.  It  may  be  readily  be  seen  that  Eqs.  (2)  satisfy  the 
boundary  conditions  that  the  stresses  and  their  derivatives  in  both  media  vanish  for  r  >  0,  z  —  oo, 
and  for  z  >  0,  r  —  oo . 

Regardless  of  typ>e  of  contact  between  layer  and  sub.strate  the  displacement  and  traction  bound¬ 
ary  conditions  of  the  surface  may  be  expressed  as 

ir.  |(r,  0)  ~  tl  —  b(r /a)  {0  ■<  r  ■<  d). 

~  (o  <  r  <  oo)  and 

T,_  i(r,0)  -  0  (0  S  r  <  oo). 


(3.1) 

(3.2) 

(3  3) 


0m 
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where  d  is  ihc  tiepth  of  penetration  of  the  indeiitcr,  a  is  the  radius  of  the  circle  of  contact,  and  the 
function  6{r/a)  is  prescribed  by  Ihc  fact  that,  in  reference  to  the  tip  of  the  indentcr  as  origin,  the 
puiKh  has  equation  z  =  6(r/a)  so  that  6(0)  =  0.  The  function  6(r/a)  for  conical,  hemispherical, 
and  Hal  crided  cylindrical  indi'nfers  on  the  half-space  have  been  given  by  Sneddon  (6|. 

With  the  lunclions  z)  and  z)  (j  -  I.  2)  as  sliowit  iii  lu).  (2).  die  boimdary  eoiuli 

lions  liq.  (2.1)  lo  (2.3)  may  be  expressed  by  using  liq.  (I)  as  follows. 


O'  A  |(X)  fit 

{  - —  Jo(Xr)  JX  =  - -  {d  -  b(r/a)\  (0  <  r  <  a),  (4.1) 

•'  0  sh  X/i  1  - 


and 


»  A^(\)  -  2(1  -  »',)/l2(X) 

0  sti  X2i 


XygfXr)  rfX  =  0 


{o  <  r  <  oo). 


Defining 


/l3(X)  =  (I  -  2u^)A^  (X)  (0  <  r  <  oo). 


M(\)  = 


/<i(X) 

sh  le 


-  ^(X)  = 


A  A) 

A  A)  -  2(1  -  «',)/!  2(X)  ’ 


(4.2) 


(4.3) 


(5) 


where  iv  =  X/;.  and  the  conditions  fqs.  (4.1)  and  (4.2)  lc.ad  to  a  svstem  of  two  iniceral  equations  for 

M(\): 

j“A/(X)7o(Xr)ifX  =/(r)  (0<r<fl),  (6.1) 

and 

^0  ~1  ^  («</■<  oo),  (6.2) 

where 


/(<■)  =  -  \d  -  6{r/(i)]  (7) 

1  - 

The  function  g(k)  can  be  obtained,  as  shown  in  detail  in  the  Appendix  A,  by  expressing  the 

unknown  functions  ><,(X)  (i  =  1,2 . 6)  in  terms  of  /4|(X)  for  different  boundary  conditions 

between  the  layer  and  Ihc  senii-infiniic  half-space.  This  is,  for  the  case  of  perfect  bonding,  continuity 
of  components  of  displacements  and  tractions  at  z  =  h  requires  that 

u,,(r,/i)  =  i<,2(r./i). 

tr.  I  (r,  /i)  =  a.  2  (r,  h).  and 
r^,(r./t)  =r^j{r,h). 

.3 
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for  <)  <  r  <  oo,  white  for  the  c;ise  when  itte  two  suifaces  are  in  sinooih  contact  tlrictionlcss),  con¬ 
tinuity  of  nonnal  coin|H)neniN  of  displaceineiit  and  tractions  and  tlie  conditions  ol  vanishing  shear 
stress  eomixincnts  at  tltc  interface  may  be  expressed  by 

u. ,  (r  .  Ii)  =  n.s  (r  f>  ). 

<’  I  (r  .  h  )  n.  >  (r  .  and  (9) 

Tr;!  I’)  =  (f.  ^0  =0, 


for  0  <  r  <  oo . 

Vlic  sviiulion  ol  1\|  {(•,)  In  soni’ht  in  the  t'onii  I')! 

M‘^\)  -  11  -  i.-(X)l  cos  X/  (10) 

where  <*>(/)  is  the  solution  ot  the  following  Fredholm  integral  equation  of  the  second  kind  with  a  con¬ 
tinuous  symmetrical  kernel; 

<i(t)  -  —  f  [C?(.v  +  i)  +  C(s  -  f)l  <t>(s)  (Is  -  F(t)  (0  <  I  <  <■;),  (11) 

TT  (I 

where 

G(.r) 


F{i) 

and 

/'(^)  =  ^/(O- 

ax 

After  determining  F(t),  the  unknown  function  <>(r)  can  be  solved  by  using  Eq.  (11).  Then  by 
using  Eq.  (10)  and  the  solutions  of  the  simultaneous  equations  of  /4,  (X),  Eqs.  (1)  and  (2)  give  a  com¬ 
plete  solution  to  the  contact  problem  under  consideration.  For  instance,  by  using  Eq.  (2)  and  the 
knovvn  formula 


=  gO-)  cos  Xr  dX,  (12) 

r 

=  -  [/(O)  +  t  (  V'(' sineide).  (13) 

TT  •'0 


f  7i,tXr )  sin  \r  il\  -  0 


(O'-  /  c  r). 


(14) 


-  (r  -  r-)  "^  (f  >  r). 

it  IS  easy  to  obtain  the  cijuation  for  the  distribution  of  the  normal  stresses  under  the  punch 

d/(/)  ,  <A(fl) 


->r 


(r  <  ,/). 


tl.')) 
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Substituting  (7)  inio  liq.  (13)  wc  have 


Fit)  = 


*•(1  —  «'<) 


w. 


(16) 


when' 


/•o(0 


<V0) 

./ 


(  ‘  <V(;  SIM  (')  .11). 

,1  ^<1 


ami  T  =  t  /n  .  Introducing  the  dimensionless  quantities 


i  2/qry 

—  =  y  and  </>(/)  =  — - - -  //(r), 

rr(l  -  r,) 


117) 


(18) 


l-.q.  (11)  llieii  :i\siinics  ihe  lonii 

//(7)  -  —  f  '  (A'(>  +  r)  -r  A'(y  -  r)l  //(y)  dy  =  Fo(t)  (0  <  r  ^  1),  (19) 

X  0 


where 


F{u)  =  7  L  )?(“')  cos 


r  ^ 
auw 


d\\\ 


(20) 


The  magnitude  of  the  applied  load  p  can  be  obtained  by  integrating  the  pressure  of  the  indenter 
on  the  layer  over  the  area  of  contact,  i.c.,  integrating  Eq.  (15)  over  the  area  of  the  circle  of  radius  a  . 
Thus, 


P 


Afifod 


where  //(r)  is  known  after  Fq(t)  in  Eq.  (19)  is  determined. 


(21) 


(he  function  Fo(t)  can  be  obtained  from  Eqs.  (9),  (13).  (16),  and  (17)  for  an  indenter  of  arbi¬ 
trary  axisymmetric  profile.  Intuitively,  the  contact  pressure  for  the  top  surface  of  the  layered  half- 
space  and  that  for  the  homogeneous  half-space  arc  similar  in  many  respects  if  the  indenter  profile 
remains  the  same  in  both  cases.  For  example,  if  the  indenter  has  a  sharp  comer,  the  stress  will  be 
singular  there.  If  the  identer  profile  is  smooth,  then  the  normal  stress  o. ,  must,  on  physical  grounds, 
remain  finite  around  the  circle  r  =  a  (r  =  1).  This  continuity  of  normal  stresses  gives  an  additional 
equation 


<^(«)  =  //(I)  -  0, 


(22) 


which  is  a  consequence  of  Eqs.  (15)  and  (18).  Therefore,  in  the  case  of  indenters  with  smooth  pro¬ 
file,  such  as  conical  or  hemispherical,  Eiqs.  (19)  and  (22)  have  to  be  solved  first  to  find  the  relation¬ 
ships  between  the  [icnctration  depth  d  and  the  r.idiiis  of  contact  area  a .  For  convenience,  let  us 
define  a  dimensionless  parameter  7,  which  is  a  function  of /i,  fi|,  e,,  gj,  and  the  indenter  profile. 


7  = 


a 

«//  ’ 


(23) 
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where  Off  is  the  i.idius  of  the  contact  area  for  a  homogeneous  hall-space  with  elastic  constants 
/i,  and  'I'hc  relationships  Ijctwccn  O;,  and  </  for  diffcicnt  iiulentcrs  are  151; 

‘-'H  ■«.  (24) 

for  a  (lat-eiulcil  cyliiulrical  indenter  of  ratlins  a  (note  that  this  equation  is  iiulc|)cniicni  ol  i/). 


(i/i  —  r/  tan  o. 


for  a  conical  indenter  with  included  angle  2«;  and 


(N 

II 

ln‘  ^  ^ 

!  ' 

'  -  P 

(P  =  a,f/R). 


{Rd) 


1/2 


(fl/,  «  R). 


{?.>) 


j  for  a  hemispherical  tip  indenter  of  radius  R . 

Since  when  using  the  indentation  test  to  determine  elastic  constants,  such  as  Young’s  modulus, 
,  shear  modulus,  or  Poisson  ratio,  each  constant  is  not  measured  directly  hui  in  any  comhinations  of 
I  pairs,  it  is  convenient  to  define  a  new  elastic  constant,  say 


(27) 


which  may  be  called  the  impression  elastic  modulus,  or  the  impression  modulus  for  short.  Now  the 
relationship  between  p  and  c  for  each  type  of  indenter  may  be  obtained  as  follows. 

Flat-ended  Cylindrical  Indenter 

For  the  flat-ended  cylindrical  indenter  of  radius  a  (Fig.  1),  the  boundary  condition  Eiq.  (3.1)  is 


m,  (r,  0)  =  c/  (0  <  r  s  d). 


which  gives 


<5(r/n)  ^  0,  f(r)  =  (-,c/ 

4 


(0  £  r  ), 


and 

=  •  (0  :£  T  <  1).  (28) 

where  is  the  impression  modulus  for  the  homogeneous  half-space  with  clastic  constants  p  and  i- 
According  to  luj  (21).  the  relationship  between  the  p  and  the  d  can  l>e  written  as  '  * 


K 
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p  =  {•,«</  H(t)  Ht.  (2<>) 

aiiii 

/),  -  spot  a  =  1.  ^).  (30) 

w  Ik'u'  I  I  wlurn  /i  -  oo  ;iik1  i  2  ami  It  -  0. 


(  Ollh'ltl  lllth  llll  l 

For  normal  pcnciralion  by  a  rigid  cone  of  inclndcd  angle  2n  (Fig.  2).  the  boundary  condition, 
Fq.  (3.1).  gives 


5(r/n)  =  r  cot  o 


(0  r  "^(;), 


ihon  luj''  ('I  anil  (13)  become 


r  b 


(Os  r  <  a  ). 


and 


foir)  =  1  -  7.  r  (0  <  7  7^  I), 

wiic.c  7,.  -  u/ufj.  The  iclationships  between  p ,  d ,  and  a  are 

P  —  7c  3*  (  (r)  dr, 

TT  ^  0 

^  cot  a  //  (7)  Jr, 


P,  =  i,d'  tan  (V  (/  =  1,  2). 


(3|) 


(33) 


(34) 


Spherical  Indcnier 


For  normal  penetration  by  a  rigid  spherical  indenter  of  radius  R  (Fig.  3),  the  same  as  before, 
the  strained  surface  of  the  cla.stic  layer  conforms  to  the  sphere  between  the  first  point  of  contact  and 
the  section  ol  radius  a .  f-'rom  the  geometry  o(  Fig.  3  we  (Ind  that 


which  gives 


/(O 


1^ 

4 


6(/  /<j ) 


(0 


11 ) 


(3.“') 


1 


(0  <  r  <  a). 


(36) 
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and 


where  7, 
nialely 


Foir)  =■  « 


=  tt  hin  and  =  a  IK  . 


_ l_  In  (I  +  pr)  -  In  (I  -  pr)  ^  ^ 

yj  In  (I  +  p)  -  In  (I  -  p) 

II  the  indenlalidti  is  small  (a  «  K  or  p  <‘r 


<l).  (37) 

1),  llierr  approxi 


and 


n  (</  «  K). 


(\K) 


/■o(r)  -  1  -  7,V  (0  <  7  <:  I.  p  «  I).  (39) 

and  from  liqs.  (38)  and  (21) 

/,  A' nO).lr. 

=  On  \llHr)d7,  (40) 

and 

A,  =  ((=1.2)  (4!) 

The  formulation  of  the  problem  is  now  complete  for  each  of  the  three  types  of  indenter  considered. 
Numerical  results  for  some  cases  of  interest  are  presented  and  discussed  in  the  following  section. 

NUMERICAL  RESULTS 

The  mixed  boundary  value  problem  is  represented  by  the  Fredholm  integral  equation  of  the 
second  kind  as  shown  in  Eq.  (19).  For  a  given  function  I:(«)  (Eq.  (20))  and  Fq(t)  (Eqs.  (28),  (31), 
or  (35)  depending  on  the  shape  of  the  indenter),  the  function  //(r)  is  solved  numerically  in  the  form 
of  a  Chebyshev  series  of  N  terms  {N  >  5)  (13).  The  load  on  the  indenter  is  then  obtained  In 
integration  as  indicated  in  Eq.  (21).  The  calculations  of  the  load  and  the  function  K(n)  for  the  given 
function  g(X)  (see  Appendix  A,  Eqs.  (A2)  and  (AlO))  arc  also  carried  out  niimeiically  liy  using  a 
Cray  supercomputer. 

For  the  conical  and  the  spherical  indenters,  Eq.  (19)  is  first  solved  by  setting  the  parameter  7 
j  equal  to  1  and  then  iterating  until  a  proper  value  for  7  is  obtained  such  that  //(I)  =  0  Then  the 
correct  7  values  are  used  to  solve  the  function  //(r)  and  the  load  p. 

^  I  he  pafH’.rs  of  I.ebedev  and  IJtliand  [8),  Uhaliw.d  (9|,  and  ('lien  and  I  neel  (i.’l  ci'iii.nn  ■.(imi'- 

iiumciic.il  lesulis  anil  thus  provnle  an  e.xcelleni  oppoiitiniiy  loi  conijiaiison  with  the  lesuit'.  obtained 
here.  I  he  kernel  K(u).  as  defined  by  Eq.  (20).  is  computed  first  for  both  an  elastic  layei  in  smooth 
.  contact  with  a  rigid  substrate  and  an  elastic  layer  perfectly  bonded  to  an  clastic  subsirtitc.  I'hc  results 
obtained  are  the  s.imc  as  those  in  Kels.  8  and  9  ('fahlcs  111  and  02  in  Ap[x’tidix  FI)  I  he  compute! 
program  used  to  solve  tlic  Fredholni  integral  equation  (Eiq.  19)  was  fuilhcr  checked  by  computing 
I  //(t)  values  for  a  flat-ended  cylindrical  indenter  pressing  on  an  clastic  layer  in  smixilh  contact  with  ;i 
'  lig.id  substrate  and  comparing  the  results  with  those  given  by  Lcliedev  ajid  IJIliand  (K)  I  he  excellent 
agreement  (  Lible  FJ3)  provided  confidence  in  the  correctness  of  the  present  analysis. 
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When  the  layer  and  the  substrate  arc  perfectly  bonded  and  the  indcnicr  is  a  llat-ended  cylinder, 
the  //(r)  values  calculated  by  using  the  same  set  of  K(u)  values  (Tabic  B2)  show  substantial  disagree¬ 
ment  between  our  results  and  Dhaliwal's  published  results  (Table  B4),  as  noted,  for  example,  for  the 
case  when  h /a  =  0.25  and  =  0  w  iere  values  for  //(r)  differ  by  approximately  an  order  of 

magnitude.  However,  the  results  of  Chen  and  Engel  |t21  for  the  spherical  indentcr  when  <i  «  R 
were  rcpiiKiuccd  (Table  H.'i).  riic  details  of  these  comparisons  arc  given  in  .ApiK-ndiv  1! 

In  the  present  ealeiilalion.  the  nninber  of  leriiis  A'  in  the  {'liehv-hev  senes  that  afiproximale  the 
.solution  //(t)  is  taken  to  be  5  when  h /it  >  0.5.  Eor  values  ol  It  /it  smaller  than  0..5.  the  nninber  ol 
terms  should  be  increased  to  get  accurate  values  for  H(t).  For  example,  in  our  calculation,  N  was 
chosen  to  be  25  when  h  /a  =0.1. 

Figures  4  to  7  give  the  relationships  between  the  parameter  y  (Eq.  23)  and  the  layer  thickness  h 
for  different  indenter  sh.'’pes,  layer  and  substrate  clastic  properties,  and  bonding  conditions.  The 
parameter  7  is  the  radius  ol  coniaei  it  normali/.ed  with  icspeei  to  ilie  ileit/  eoni.iei  i.iuii.s  u//  lor  a 
homogeneous  half-space  of  shear  modulus  /i,  and  Poisson  ratm  For  eomeal  and  s[rherical 

indenters  with  smooth  contact  between  layer  and  substrate,  the  results  lor  tj  =  0,  0.2,  1,2.  and  10 
(where  ?/  =  (1  —  »'2)/i(/(I  -  *'1)^2)  plotted  in  Figs.  4  and  5,  respectively.  Figures  6  and  7  show 

the  relationship  between  7  and  h  /a  for  a  layer  perfectly  bonded  to  the  substrate  when 
P  =  0,  0.2,  1,  2,  and  10  (where  P  =  /r,//i2).  and  r-,  =  1^2=  0.3  for  the  conical  and  spherical 
indenters,  respectively.  These  results  show  that  y  >  1  when  the  substrate  is  stiffer  than  the  layer 
(77  >  1  or  (3  >  1).  and  7  <  1  when  the  layer  is  stiffer  than  the  substrate  (i?  <  1  or  |5  <  I).  F'or  a 
given  depth  of  penetration,  the  radius  of  contact  between  llic  indentcr  .niri  the  ctmiposiie  medium 
increases  with  increasing  stiffness  of  substrate  materials.  For  a  layer/subsiraie  stillness  ratio  (t;  or  P) 
smaller  than  1,  the  radius  of  contact  increases  from  the  value  a/y  to  a  cenain  maximum  value  and 
then  decreases  asymptotically  back  to  the  value  a  if  as  the  layer  thickness  increases  from  0  to  00.  The 
layer  thickness  at  which  the  maximum  radius  of  contact  occurs  is  always  less  than  the  radius  of  con¬ 
tact  itself,  i.e.,  h/a  <  \.  On  the  other  hand,  when  the  substrate  is  less  stiff  than  the  layer,  the 
radius  of  contact  decreases  from  its  homogeneous  half-space  value  a/f  to  a  minimum  value  and  then 
increases  toward  a,/  asymptotically  as  the  layer  thickne.ss  h  increases  from  0  to  00,  The  minimum 
value  occurs  in  the  range  where  1  <  h  /a  <2.  Note  that  when  the  layer  and  the  substrate  are  iden¬ 
tical  and  there  is  no  friction  force  at  the  interface,  the  radius  of  contact  is  not  always  the  same  as  the 
homogeneous  half-space,  but  it  increases  first,  then  decreases  to  a  minimum  value  and  increases  again 
toward  the  homogeneous  value  a,, . 

For  the  purpose  of  setting  up  a  guideline  for  choostng  the  appropriate  layer  thickness  and  sub¬ 
strate  properties  to  determine  the  elastic  constants  of  thin  films  by  the  indentation  test,  it  is:  convenient 
to  define  a  nondimensional  quantity  p/p\,  which  is  the  radio  between  p ,  the  load  needed  to  penetrate 
to  a  depth  d  into  the  composite  (layered  half-space)  and  p ,  the  load  needed  to  penetrate  the  same 
depth  tl  into  the  homogeneous  half  space  consisting  of  the  lop  layer  material  I'liis  ratio  p  /p^  is  then 
plotted  against  h/a  .  F'or  diffcreni  shapes  of  indenter  p/p\  are  given  as  brlliuvs: 


and 


,j  I 

(  //(r)  </t 

P\  " 

-  =  27  f  //(t)  r/  T 
Pi  « 


(cylindrical  indenter), 
(conical  indenter). 


-  lo 


(spherical  indenter) 


(42) 


1 1 


Jl 

Pi 
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Figures  8  through  13  show  Ilic  p/p\  vs  A /o  curves  foi  liie  sinooih  eotii.iei  coiulihoii 
(ij  =  0.  0.2,  0.5.  I.  2,  and  10)  and  Tor  perfectly  bonded  condition  (d  =  0.  0.2.  0..S.  1.  2.  and 
10.  i>|  =  i'2  =  0..3)  f4>r  the  flat-ended  cylindrical  indcntcr.  the  conical  indenier.  and  the  spherical 
indcntcr.  respectively.  When  the  layer  is  perfectly  bonded  to.  and  softer  than  the  substrate,  the  load 
p  on  the  coiiiptJSite  decreases  more  or  less  exponentially  from  pj  (the  load  for  the  homogeneous  half- 
space  with  elastic  constants  ;t.  and  vi)  to  /J|  (the  load  for  the  homogeneous  half-space  with  elastic 
constants  /t,  and  i',)  as  the  thickness  of  the  layer  increases  from  0  to  c».  On  the  other  hatui.  when 
the  laver  is  stiller  than  the  substrate,  p  increases  asymptotically  from  p-,  to  />,.  When  the  iavci  is  in 
smooth  contact  with  atui  stiller  than  the  substrate,  p  ilccrea.ses  liom  /» -  to  .i  minimimi  v  .ihic.  then 
increases  toward  /r ,  as  the  layer  thickness  vanes  Irom  0  to  oo  When  the  l.iycr  is  sotici  than  the  sub 
.strate,  p  does  not  decrease  a.symptotically  from  p2  to/ri'.  for  /r2//‘t  l*^-**^  c'enain  value  (for  exam¬ 
ple  0.63  for  the  flat-ended  cylindrical  indcntcr  as  shown  in  Fig.  14),  the  p  values  decrease  frotii  to 
a  minimum  value  less  than  p|,  then  increase  and  approach  p^  as  the  thickness  incretises. 

When  the  indcntcr  is  a  flat-ended  cylinder  of  radius  a,  the  radius  of  the  contact  area  is  alwavs 
cipi.il  to  <;  regardless  ot  the  com|)osite  tiicvlium  materi.il  and  l.iyci  thickness  This  iikmiis  the  p.ii.iiue 
ter  7  is  always  etjual  to  1.  Wheti  the  imictiicr  is  conical  or  S(>hcrical.  tin  radius  of  the  conlaet  an-.i  is 
no  longer  a  constant,  but  is  a  function  of  the  (XMietratioii  de|)th  </,  the  layer  ihickticss  A,  tlie  clastic 
constants  of  the  layer  and  the  substrate,  and  the  shape  of  the  indcntcr.  Therefore,  the  scale  of  the 
absissa  h/a,  in  Figs.  10  to  13,  are  not  the  same  for  all  the  curves.  To  compare  the  results  for  dif¬ 
ferent  conditions,  it  is  necessary  to  express  h  in  units  of  the  constant  value  a,(  instead  of  the  variable 
a.  Figures  15  to  18  show  the  p  /pi  vs  h/af^  curves  that  are  converted  from  Figs.  9.  10.  12,  and  13 
by  using  the  corresponding  y  values  from  Figs.  4  to  7.  respectively. 


h/a 


l-ij;.  4  —  Variation  of  the  normalized  raihus  ot  ihc  comact  area  beiween  the  conical  imlenici 
and  llie  snuMilh  contact  coin(x)silc  incdnini  y.  with  layer  tliicknesi  h/a.  as  a  function  of 
layci/suhsli ale  .stifincss  tjuo  ij 


0.0  2.0  4.0  6.0  8.0  10.0  12.0  14.0  16.0  18.0  20.0  22.0  24.0  26.0 

h/a 


Kig.  5  —  Vjri.nioii  ol  Ihc  nornulizod  nidius  of  the  com.ici  area  heiween  the  spherical  intlemer 
•Kid  the  simxiih  conlaci  coiti|H>site  incdiuiii  y,  with  layer  thickness  h  /a  ,  as  a  function  of 
laycf/subsirate  stiffness  ratio 


0.0  2.0  4.0  6.0  8.0  10.0  12.0  14.0  16.0  18.0  20.0  22.0  24.0  26.0 


h/a 

I'ig.  6  —  Variation  of  the  normalired  radius  of  the*  contact  area  between  the  conical  iivlenlcr 
and  the  perfectly  bonded  composite  medium  y.  with  layer  thickness  hta,  as  a  function  of 

layer/subsiralc  stiffness  ratio  5  (e,  -  •>.  =0  3) 

13 


NR» 


pj,i  9  _  Variation  of  the  nonnali/od  loaj  p/pt  for  (he  conical  indenter  with  layer  thickness 
ft  /(I  for  a  snuHKh  contact  coMi|X)sitc  incdiuni  as  a  function  ()t  laycr/suhsir.tic  stillness  ratio  r; 


r-i^  10  -  Variation  of  the  nonnali/ed  load  p/pi  for  the  spherical  in<|enter  with  layer  thickness 
h  /a  for  a  srTi<x>ih  contact  con^positc  niediuiii  as  a  functfim  of  laycr/substratc  stiffness  ratio  ^ 
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Fig.  11  —  Variation  of  the  normalized  load  p/p\  for  the  flat-ended  cylindrical  indenicr  with 
layer  thickness  h /a  for  a  perfectly  Ixindcd  composite  medium  as  a  function  of  l.ner/sul'vir.iie 
stiffness  ratio  (i-i  =  e;  -  0  3) 


l  ig  12  —  Variation  of  the  normalized  load  p/pt  for  the  conical  indciiler  with  layer  Ihitkness 
h /«  for  a  perfectly  bonded  composite  mediuin  as  a  function  of  layer/suhstrate  siiffnesN  ratio 


1 
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0.0  ?.0  4.0  6.0  S  O  10  0  17.0  14.0  16  0  18.0  20.0  22.0  24.0  26.0 


h/a 


Fig.  14  —  Variation  of  Ihc  normalirol  load  p/p<  for  Ihc  flal-cndctl  cylindrical  indcnier  with 
layer  thickness  h/a  for  a  smooth  contact  composite  iinidiuiii  as  a  lunciiun  ol  I jyci /substrate 
stiffness  ratio  n 
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0.0  2.0  4,0  0.0  8.0  10.0  12.0  14.0  16.0  18.0  20.0  22.0  24.0  26.0 

h/a„ 

io  15  —  Variation  of  tlic  m>ftn;tlizcil  load  />//*i  Ok*  conical  inilciitcr  with  layer  thickness 
h  hin  for  a  smooth  contact  comrK'siic  ine*lium  as  a  function  ol  laycr/substrate  stiffness  ratio  r\ 


0.0  2.0  4.0  0.0  8.0  10.0  12.0  14.0  16.0  18.0  20.0  22.0  24.0  26.0 

h/a 


ig.  I6  —  Variation  of  the  nonnali/ed  Utad  />//»,  for  the  spherical  indcnicr  with  layer  thickness 
h  ia,f  for  a  smooth  contact  compi>sitc  medium  as  a  hinction  of  laycr/vuhvtrate  stiffness  ratio  tj 
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III  lOiiipariiig  Ihcsc  iisiilts,  il  is  iioied  llial  llic  curves  arc  qiiilc  siiiiil.ir  Uir  all  ihicc  ly|K‘s  ol 
iiuieiilcrs  despite  (he  lame  diHerenccs  in  values  iil  />  and  /»,  lor  the  tlilTcrciil  iiulciilcrs  I  his  similar¬ 
ity  allows  us  to  establish  guidelines  tor  choosing  a  priori  the  approximate  film  thickness  and  substrate 
clastic  properties  for  determining  (he  clastic  constants  of  the  rilni  within  a  given  degree  of  accuracy. 
Figures  19  and  20  show,  for  the  perfectly  bonded  and  smooth  contact  conditions  respectively,  the  f'lm 
thickness  needed  so  that  the  ab.solute  values  of  (/»  —  P\)/p\  are  equal  to  2%.  >7r. .  and  10%.  Note 
that  the  absolute  value  of  the  ratio  {p  —  P\)lp\  has  the  same  value  as  'lie  ratio  ol  the  impression 
iiuhIuIiis  —  {■|)/(r,.  where  IT,,  is  the  e.\|ierimenlallv  measured  impiessuiii  modulus  obtained 
aecoidmg  to  l-'iis.  (,^0).  (.'-I),  or  (-11) 

To  dctermitic  the  elastic  constants  of  a  perfectly  iHiiitled  layer  by  the  indentation  test,  as  one 
may  expect,  the  most  proper  substrate  is  the  one  that  has  (he  same  clastic  constants  as  the  layer  itself, 
i.c.,  0=1.  Figure  19  shows  that  when  the  0  value  is  different  from  1,  the  normalized  layer  thick¬ 
ness,  h/Un,  needed  to  obtain  a  given  accuracy  varies  almo.st  linearly  with  0.  The  slope  of  the  varia¬ 
tion  is  dependent  on  the  accuracy.  The  higher  the  accuracy  required  the  steeper  the  slope  is.  When 
the  layer  is  in  smooth  contact  with  the  siibsiraie.  the  best  caiidirlaie  suhsiraie  is  lui  liuieer  the  one  that 
has  the  same  elastic  constants  as  that  of  the  layer.  In  this  case,  the  siihstraie  shoiiki  be  slightly  stiller 
than  the  layer.  By  assuming  jq  ----  r-,  —  0.3,  i;  (in  this  case  equ.il  to  /i)  is  found  to  range  Irom  0.S7 
(for  10%  accuracy)  to  0.71  (for  2%  accuracy).  For  values  of  h  /a//  greater  than  approximately  3,  the 
layer  normalized  thickness  Zi/rt//  needed  to  obtain  a  given  accuracy  also  varies  almost  linearly  with  rj. 

In  preparing  thin  films,  the  film  is  neither  perfectly  bonded  to  the  substrate,  nor  in  perfectly 
smooth  contact  with  the  substrate.  Figure  21  gives  the  upper  bound  vs  /riZ/ri  (by  assuming 

"i  ~  "2  ~  ^-3)  relations  to  ensure  one  can  measure  the  film’s  elastic  constants  on  the  composite  by 
the  indentation  test  to  a  given  degree  of  accuracy.  F'igurc  21  is  obtained  bs  taking  the  upper  ranges 
of  the  curves  from  Figs.  19  and  20.  This  result  suggests  that  a  gootl  substrate  candidate  material  is 
about  25%  sliffer  than  the  film  materia!  regardless  of  bonding  conditions. 


0  0  0  5  1  0  1  5  2  U 


a 

fig.  19  —  Kcljlionsliips  between  itie  layer  ihicfncss  h/ti„  and  layct/siibMi.iie  Milliiess  r.iini  ;l 
such  that  !(/>  -  Pi)/i>,  I  IS  equal  2%.  .S'J.  and  lOSt 
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SUMMARY 

The  clastic  solutions  lor  the  stress  fields  in  a  composite  medium  consisting  ol  an  clastic  layer 
cither  perfectly  bonded  or  smoothly  overlaying  an  clastic  semi-infinite  substrate  have  been  obtained 
for  the  cases  when  the  composite  medium  is  indented  by  rigid  spherical,  conical,  and  llat-cndcd 
cylindrical  indenters.  Numerical  results  were  presented,  and  guidelines  were  suggested  for  the  proper 
choice  of  appro.ximate  layer  thickness  and  substrate  clastic  pro(x;nies  to  ilcteniime  the  elastic  constants 
of  the  layer  within  certain  predetermineil  accuracy  by  using  the  indentation  test. 

The  following  comments  may  be  offered  in  conclusion; 

1 .  For  a  given  minimum  film  thickness  and  a  given  substrate  stiffness,  the  clastic  constants  of 
the  film  may  be  determined  within  a  calculated  accuracy  for  the  cases  when  the  film  is  per¬ 
fectly  bonded  to  or  in  frictionlcss  contact  with  the  substrate.  Conversely,  if  a  given  accu¬ 
racy  is  desired,  the  required  substrate  stiffness  for  a  given  film  thickness  or  the  required 
inininuini  film  thickness  for  a  given  substrate  stiffness  may  tv.'  calculated. 

2  In  presenting  the  effect  of  film  thickness  on  iiidenter  loait.  the  lilm  thickness  h  should  be 
normalized  with  respect  to  the  Hertz  radius  On  of  the  contact  area  for  the  homogeneous 
half-space  instead  of  normalizing  it  with  respect  to  the  actual  radius  a  of  contact  area  for 
the  composite.  The  reasons  for  this  are:  the  value  a  is  not  a  readily  measured  quantity 
because  of  its  dependence  on  the  film  thickness  and  the  clastic  constants  of  each  component 
of  the  composite,  whereas  a//  can  be  obtained  simply  by  knowing  die  penetration  depth 
and  the  indenter  geometry. 

3.  When  h/a  >  4,  the  load  vs  film  thickness  for  the  composite  depends  on  the  film/substrate 
stiffness  ratio  and  it  is  not  the  same  as  for  the  homogeneous  half-space  as  suggested  else¬ 
where  [12], 

4.  The  p  /p\  vs  h/Qf!  relationships  for  three  different  shapes  of  indenters— conical,  spherical, 
and  flat-ended  cylindrical— arc  quite  similar  despite  the  large  differences  in  values  of  p  and 
p^  for  the  different  indenters. 

5.  It  should  be  pointed  out  that  this  analytical  approach  is  directly  applicable  to  problems  in 
other  engineering  disciplines  such  as,  for  example,  the  design  of  large  columns  on  elastic 
foundations. 
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A|)|K‘iidi.v  A 

DKI  KKiMINAI  ION  Ol-  TIIK  rUNd  lON  v,(X) 


I  UK  rKKU-C  I  LY  BONDKl)  CASK 

When  (he  clastic  layer  is  perfectly  bonded  to  the  elastic  half-space  (substrate),  tlic  boundary  con¬ 
ditions  at  the  interface  z  =  h  are  given  by  Kq.  (8).  By  substituting  Eqs.  (I)  and  (2)  into  l£q.  (8),  the 
following  simultaneous  linear  equations  of  the  functions  (/  —  1,  2,  ....  6)  can  be  obtained: 

v\’  dll  i\‘  ,'l  I  t  i\'  /It  t  /It  4  s'lh  u‘  /"t  t  /hi*  /C  ■'  /Cl  f,  -  It. 


(iCjCth  tv  —  +  (A- 1  —  11*  cth  »')'^2  “  n*  /1 1  — 


-  (i{k2  +  w)/l^  -  PAf,  =  0. 


(2  (1  -  i'|)  —  u*  cth  u*|  ,-i  I  4-  (2(1  -  I'l)  cth  u'  -  wl/li  —  /1 1  -  cth  u*  .-C  (Al) 

+  (2(1  —  4*2)  "h  "’)  S  +  '^6  ~  0- 


(u’  -  (I  2'*|)  cth  w]  /1|  +  (iv  cth  vv  —  (1  —  2j'|)|  A-,  -t-  cth  w  A^  +  A^ 

+  ((I  —  2i'2)  +  "  ]  /I5  4-  Af,  =  0. 

where  ii  =  /iiZ/iT  and  iv  —  \Jt .  By  solving  Eqs.  (4..i),  (5),  and  (Al),  the  function  g(X)  for  the  per¬ 
fectly  bonded  condition  can  be  expressed  as: 

{B ,  +  Biw  -I-  B-ish'w)  c  "  +  {Ba  -l-  B<w  ■+  B.  sh^vv)  sh  u* 

g(X)  =  1 - - ; - 7- - ^ - .  (A2) 

(C|  +  C3  sh  vv)c  ^  (^4  (T^u*  +  sh‘vt')  sh  w 


//,  -  AoiOjO  *  h;/^)/C 

/?,  I  V>Aji  t  (A*2  2h;)(i-  I  h,kAli\ 

«,  -20  2(1  ^  /’'(■i  t  I  Xi/J’lP’. 

2/4  -  X*  I  f  {-(>2  4  2/>2f|  4  ‘^a^^l2)(i  4  (f'l  4  4(1  ^(l  2^  2  4  2h  2  )l>~  4 


where 


NRI  RI  PORT  Olf.R 


It^  =  l_(l  +  4/,^)  +  (I  _  2h^)kjii’  +  kjii\ 

li(,  =  A|  +  (I  +  2k,k.2)P  +  (<.-2  +  f  l(ul^^l2  +  2h^h})fl'  + 

(■|  4(; (I  t  h^ii). 

r,  1  )  (4;  -  2l>;)li-  -  h.kyfi'.  <A3) 

C3  =  ki  -  (I  -  2k^)h20  +  (A'3  +  *  2h^hl)^i-  +  h^k.JiK 

Cj  -  4n(  +  4(-;,(2<7-.  +  0  -  S^/ 

C'5  -  1  4  (A,  V-  2/^2)/^  -  (i  2/>2)^2;i’ 

iitid 

fl  j  =  1  —  ,  flj  =  I  ~  Pi-  ^1  =  1  ~  2i'|,  ==  1  —  2j'2,  a.  I  =  3  -  4i’|  and  k^  —  2  —  4j'2. 

For  the  hoinogcncotis  half-space  cons  sting  of  layer  nwicrial.  i  e.,  h  —  0° .  l.q.  {A2)  gives  ^{"K) 
—  0.  Then  by  Eq.  (20)  we  have  k(u)  ~  0  and  Eq.  (6)  iKcotnes 

f  “  M(k)jQ{\r)  d\  =  /(r>  (0  <  r  <  fl). 

(A4) 

\M{\)jQi\r)  d\  =  0  (r;  <  r  <  00). 

and  Eqs.  (17)  and  (19)  give  an  explicit  expression  for  the  fimcti<)n  //(r).  naniely 


ff(r)  =-  Fair) 


m 

d 


—  f  ()'(r  sin  P)dP. 
d  ■’0 


(A5) 


This  result  is  the  same  as  those  obtained  by  tnany  autliors  lAI]  lor  the  homogeneous  half-space.  On 
the  other  hand,  when  /i  —  0,  i.e.,  a  homogeneous  half-space  w'iih  elastic  constants  fi2  and  p,,  Eq. 
(A2)  gives 

.e(X)  1  (AO) 

'vliere 


(1 

(I  <'|)/*> 


(A7) 


Substituting  liq.  (A6)  into  Eq.  (6)  gives 


M*(X)yo(Xr)r/X  =  /(r)/. 


(0  <  r  <  a ), 
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:iiul 


where 


\M*{\)jQ(kr)  ii\  =0  (<j  <  r  <  oo). 

M*{\)  -  A/(X)/.;. 


(AK) 


lU  iiMiij;  lu|.  (A7)  lot  i;  ainl  f-.t).  [1)  for  /  (/ ).  la).  (AS!  ;i.smiiiics  the  same  lotm  as  luj  (A‘l)  lot  the 
homogeiHAMis  hall-s|i;icc  \vitl\  ctasue  coiislaiils  ji,  aiKl  i-s 

THE  SMOOTH  CONTACT  CASE 

When  the  clastic  layer  is  in  smooth  (frictionlcss)  contact  with  the  surface  of  the  elastic  substrate, 
the  simultaneous  linear  equations  of  the  functions  A-(X),  (i  =  1,  2,  ....  6)  can  be  obtained  by  substi- 
tiiliit'.;  I•(IS.  (!)  and  (2)  into  la],  (')),  tints 

(X,  cth  le  -  le)  .'ll  -(  (X,  11  clh  eili  u-  /1 3  /I4  -  0(1^2  t  "'(ds  -  b'd,,  •  1), 

(2  (1  -»/,)-  w  cth  v»’|  A  I  +  (2(1  -  I',)  cth  w  -  wJ/lj  -  dj  -  cth  ve 

+  (2(1  —  cs)  +  +  /(^  =  0,  (A9) 

(tv  -  (1  -  2v^)  cth  H'l/t,  +  (iv  cth  w  -  (1  -  +  cth  tv  d,  +  11=  0, 

((1  “  2i's)  +  u’ jd  s  +  Af^  ~  0. 


Equations  (4.3)  and  (A9)  give 


X’(X) 


U' 


sh'vv  4  rj  (n-  +  sh  iv  ch  n  ) 

+  sh  «'  ch  ii'  +  T]  (sh'ic  —  iv') 


1-or  the  homogeneous  half-space,  liq.  (A  10)  gives 


g(X)  -  0  /i  —  00 

and 


(A  10) 


,C(X)  I  -  T,  h  -  0, 

which  ate  the  same  ;is  tor  the  case  when  the  layei  is  iK-rtectly  bonded  to  the  substiaie 
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The  followini;  tables  list  some  of  the  numerical  results  obtaiitcd  by  the  authors  and  those  giscn 
by  other  authors  |B1-B31.  Tables  B1  and  B2  show  the  numerical  values  of  the  kernel  fC(u)  and  func¬ 
tion  //(r),  respectively,  for  a  flat-ended  cylindrical  indentcr  on  a  layer  that  is  in  smooth  contact  to  a 
rigid  substrate.  In  these  twt)  tables,  the  data  on  ifte  second  and  the  fourth  columns  are  obtained  by 
the  prc.scnt  analysis  and  data  on  the  first  and  the  third  columns  are  those  listed  on  the  first  and  th.e 
Uniith  columns  ol  1  ahk's  !  and  II  of  I  cbedev  and  liniami  paper  |BI]  Ihc  agreement  amon«:  these 
rlata  shows  that  we  can  reproduce  their  results  in  this  s(K-cial  case 

Table  B3  shows  our  values  and  those  of  Dhaliwal’s  [B2)  (the  first  and  the  last  columns  on  l  able 
2  for  /3  =  0  and  0.25  in  Ref  B2)  for  the  Kernel  A,'(m)  for  a  flat-ended  cylindrical  indentcr  on  a  layer 
that  is  perfectly  bonded  to  an  elastic  half-space.  The  good  agreement  between  these  results  provided 
a  check  of  our  formulation  of  the  function  g(u’)  for  the  perfectly  bonded  condition,  which  is  rattier 
complicated  to  check  otherwise.  However,  by  using  the  same  set  of  values  of  the  kernel  K(w)  shown 
in  Table  B3,  we  cannot  reproduce  Dhaliwal’s  results  for  the  //(t)  values.  These  two  sets  of  data  are 
compared  in  Table  B4,  In  some  cases  (e.g.,  J/ /a  —  0.25),  there  are  order  of  niagniiude  tlifferences 
Chen  and  Engel  (H3]  have  pointed  out  that  they  could  not  reproduce  all  of  Dhaliwal's  results 


Table  B1  —  Numerical  Value  of  the  Kernel  K(u)  for  a 
Flat-Ended  Cylindrical  Indentcr  on  a  Film  in  Stmxith 
Contact  with  a  Rigid  Half-Space, 


u 

h  la 

-  2.0 

h  la 

=  0.5 

LU" 

ysr'’ 

LU 

VSR 

0.0 

0  58.37 

0.58,379 

2.3349 

2.33515 

0.2 

0.5798 

0.57985 

2.09% 

2.09873 

0.4 

0.5682 

0,56824 

1.5513 

1.55130 

0,6 

0.5496 

0.54955 

0.9875 

0.98751 

0.8 

0.5248 

0.52468 

0.5753 

0.57516 

10 

0  4948 

0  49479 

0  3279 

0.32805 

1  2 

0  4612 

0  461 14 

0. 1962 

0,19621 

1  4 

0  4251 

0.42.507 

0  1291 

0  12908 

1  <1 

0  .18/8 

0  .18/83 

0,tW19 

l) 

1 .8 

0.3505 

0  35053 

0.0737 

0.07367 

2,0 

0..H  41 

0.31414 

0.0f)02 

0  ()(>029 

Rrsdfis  fintii  f  cfK’dcv  ami  UHiaml  (Ml) 
K;sulis  from  present  icj)«)rt 
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l  iililc  H2  -  Nuiiu  rical  Value  of  llie  l  iiiiclioii  //(?) 
fur  a  1-lat  r.iuleil  (  yliiiiirical  Imlenler  on  a  I'llni  in 
SnnK)th  Conlaci  wiih  a  Rigid  Half-Space 


h  /a 

=  2.0 

h  la 

=  0.5 

Lir 

YSR" 

1,U 

YSR 

0.0 

^T321 

4.3.103 

0.1 

1  ..S29 

1  5297 

4..M)^ 

4  311  1 

0.: 

1  .s27 

1.5274 

4.24<. 

•1.2584 

0..1 

1.52-^ 

1 .5236 

4.153 

4  1680 

0.-4 

1.518 

1,5183 

4.022 

4.0382 

o..*; 

1.51 1 

1.5116 

3.854 

3.8693 

0.6 

1.503 

1.5036 

3.650 

.3,6642 

0.7 

1.494 

1 .4943 

3.416 

3.4277 

0  8 

1 ,484 

1 .4839 

3  157 

3,1671 

().» 

1 .472 

!  47.'’ t 

2  884 

2  S' Ip) 

I  o 

1  -  - 

1  4(.0 

1  4  SOS 

2  <>08 

2.<>l  18 

Kesiilis  Iroiii  Lclxalcv  and  Ulliand  (Bl|. 
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Table  B3  —  Numerical  Value  of  the  Kernel  A'f//)  for  a  Flal-linded 
Cylindrical  Indcnter  on  a  Film  Perfectly  Bonded  to  an  Elastic  Half-Space 


0.333,  !•;.  -  0.2.50 

a 

h  111 

=  3.0 

h/u  - 

0.25 

P 

Oha" 

Y^ 

Dha 

YSR 

0.0 

-0,150197 

-0.150197 

-1.802363 

-1.80236 

0.2 

-0.149575 

-0.149575 

- 1 .028806 

-1.02881 

0.4 

-0.147729 

-0.147729 

-0.278302 

-0.278302 

0.6 

-0.144714 

-0.144714 

-0.085151 

-0.0S5I5! 

0.8 

-0.140617 

-0.140617 

-0.044783 

-0.044783 

0.(X) 

1.0 

-0.135556 

-0.135556 

-0.028933 

-0.028933 

1.2 

-0.129669 

-0.129670 

-0.020056 

-0.020056 

1.4 

-0. 1231 10 

-0.123110 

-0.014720 

-0.014720 

1.6 

-0.116038 

-0.1160.38 

-0.01130! 

-0.011301 

1.8 

-0.108616 

-0,108616 

-0.(X)8969 

-0.008969 

2,0 

-0.100997 

-0.100997 

-0.007297 

-0.007298 

0.0 

-0.106266 

-0.106559 

-1.275187 

-  1,27871 

0.2 

-0.105844 

-0.106137 

-0.746888 

-0.749318 

0.4 

-0.104594 

-0.10^4885 

-0  213979 

-0  214720 

0.6 

-0.102551 

0.102838 

-0.062722 

0  062538 

0.8 

-0.099773 

-0.100055 

-0  029314 

-0,028821 

0  25 

10 

-0  096338 

()  096613 

0  018148 

-0  017619 

1.2 

-  0.092337 

0.092()0-J 

().t)lc58() 

0.01 2  lUY 

1.4 

-0.087871 

-0.088129 

-  0.<KW338 

-0.008939 

1.6 

-0.083047 

-0  083296 

-0.(K)727U 

0.006942 

1.8 

-0.077073 

0.07821 1 

-0.<X)5849 

-0  1)05581 

-0.072751 

0.072978 

-0.001818 

-  0.0544597 
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'I'able  IM  —  Niiiucrical  Value  of  ihc  l-'unclion  //(t)  loi  a 
I'lat-Ended  Cylindrical  Indcnicr  on  a  Film  Perfectly  Ikrndcd 
to  a  Elastic  Half-Space. 


=  0.333,  r/j  ^  0.250 

li  T 

h  /fi 

3  0 

h  hi  - 

O  25 

Dha" 

YSR'’ 

Dha 

Y.SK 

0.0 

1 .461578 

1 .4m  .30 

1  19. (.635 

10.78.32 

0.1 

1.461 143 

1 .40392 

1 14.7609 

10.7302 

0.2 

1 .459840 

1 .40277 

10.3.0672 

10.5697 

0.3 

1 .457678 

1 .40087 

89.7998 

10.2972 

0.4 

1.454671 

1.39823 

llAhSS 

9.90395 

0.00  0.5 

1 .450839 

1 .39486 

67.27787 

9.37582 

0  6 

l.M6:0S 

1  3'>079 

57  <)f6SS 

,8  f.>)07i 

0.7 

1  440S0(r 

1.38604 

46  1S644 

7.81816 

O.S 

1 .434670 

1.38065 

40.6 1  2  LS 

6.73197 

0.9 

1.427838 

1.37464 

31.97879 

5.45602 

1.0 

1.420351 

1.36806 

23.50496 

4.12980 

0.0 

1.289450 

1.25805 

4.120174 

3.03548 

O.l 

1.289188 

1.25781 

4.025767 

3.03001 

0.2 

1 .288405 

1.25711 

3.806495 

3.01305 

0.3 

1.287105 

1.25.595 

3..570212 

2.98279 

0.4 

1.285298 

1.25434 

3.368143 

2.93574 

0.25  0.5 

1.282993 

1.25228 

3.197656 

2.86600 

0.6 

1 .280207 

1.24978 

3.036678 

2.76393 

0.7 

1.276957 

1.24688 

2.860609 

2.61524 

0.8 

1 .273263 

1.24358 

2.644312 

2.40384 

0.9 

1.269148 

1 .23990 

2.368507 

2.12545 

1.0 

1.2646.36 

1 .23586 

2.0391 16 

1.809SI 

°  Results  from  Dhaliwal  (B21 
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Table  B5  gives  both  Chen  and  Engel’s  results  (Table  il  m  Ref.  113)  and  our  results  for  the 
values  p*  and  d*  for  a  spherical  indenter  (a  «  R)  on  a  layer  that  is  in  snuKrih  contact  with  an  elas¬ 
tic  half-space  (b  ~  0. 1,  i>i  ~  =  0.3).  The  agreement  between  these  two  sets  of  results  in  c,xcel- 

lent  only  at  large  /i /a  values.  The  reason  for  the  discrepancy  at  low  /i /a  values  is  believed  to  be 
due  to  the  approximation  method  used  by  Chen  and  Engel.  In  their  analysis,  they  introduce  a  “per¬ 
turbing  term  in  the  expression  of  the  contact  pressure.  Our  comment  is  that  when  the  elastic  prop 
ertics  of  the  substrate  are  quite  different  from  that  of  the  layer,  or  the  layer  becomes  thin  enough, 
then  the  difference  between  the  contact  pressure  for  the  com(X)sitc  an<i  those  for  the  I'orresponding 
homogeneous  half-space  is  large  enough  such  that  the  |K'rlurbation  appro.ich  is  no  longer  approju i.iie. 

It  .seems  to  us  that  the  nondimcnsional  quantities  p*  and  6*  defined  by  Chen  and  Engel  |1131  ate 
quite  ambiguous.  According  to  their  dermilions,  the/;*  and  the  can  be  written  as 

P*  =  -^  (Rl) 

/'  I  >.  . 
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Tabic  B-5  —  Numerical  Value  of  the  Parameter  p*  and  b* 
for  a  Spherical  indenter  on  a  Film  in  Smooth  Contact  with 
and  Elastic  Half  Space 


P  =  10. 0,  »»,  =  Ify 

=  1/3 

h  hi 

P 

♦ 

6 

* 

CE" 

YSR'’ 

CE 

Y.SR 

OO 

[.0000 

1.0000 

1.0000 

1.0000 

16.0 

I.OOOl 

1.0001 

0.9669 

0.9669 

8.0 

1.0009 

1.0009 

0.9345 

0.9345 

4.0 

1.0070 

1.0070 

0.8746 

0.8746 

2.0 

1.0469 

1.0469 

0.7815 

0.7815 

1.5 

1 .0954 

1 .09.54 

0.7389 

0.7389 

1.0 

1.2310 

1.2.U)9 

0.6S68 

0.6868 

0.6 

1 .5675 

1.5()80 

0.(>479 

().(>479 

0.4 

1.9975 

1.9971 

0.6406 

0.6405 

0  3 

2.3968 

2.3960 

0.6466 

0.6.563 

0.2 

3.08(M 

3.0846 

0.6672 

0.6677 

0.15 

3.6341 

3.6485 

0.6880 

0.6897 

O.I 

4.4894 

4.5130 

0.7246 

0.7232 

0.0 

10.0000 

10.0000 

1.0000 

1.0000 

(  ‘^Results  from  Chon  and  (U3|. 

Results  ff(Mn  present  report 
P'  =P/(/'iy/) 

0*  =  (I  /y} 

and 

i 


In  these  expressions,  it  is  clearly  seen  that  p*  is  not  the  load  on  the  indenter  for  the  comnosite  nor¬ 
malized  with  respect  to  the  corresponding  load  for  the  homogeneous  half-space,  neither  it  is  equal  to 
«///«  as  they  claim.  The  6*  value  presented  is  not  appropriate  cither  because  they  set  a  equal  to 
one,  which  is  not  correct  since,  as  mentioned  previously,  the  radius  of  the  contact  area  is  not  a  con¬ 
stant  but  is  a  function  of  the  shapic  of  the  indenter,  the  penetration  depth,  the  layer  thickness,  and  the 
elastic  constants  of  both  the  layer  and  the  substrate. 
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Siunniary 

Oxidation  studies  have  been  conducted  on  cast  Co-22Cr-ll  A1  (CoCrAl) 
coating  alloy  in  air  at  temperatures  between  700  and  1000  °C.  To  investigate 
the  role  of  oxygen-active  element  additions  on  the  oxidation  behavior  of  the 
MCrAlY-type  coatings,  some  of  the  CoCrAl  specimens  were  ion  implanted 
with  either  yttrium,  hafnium  or  cobalt  prior  to  oxidation.  The  oxidized 
specimens  were  subsequently  examined  by  various  electron  optical  tech¬ 
niques  including  scanning  transmission  electron  microscopy  and  electron 
microprobe  analysis. 

It  was  observed  that  voids  formed  in  the  coating  alloy  at  the  metal- 
oxide  interface  during  oxidation.  The  average  size  and  density  of  these 
interfacial  voids  were  dependent  on  temperature  and  time.  Ion-implanted 
yttrium  or  hafnium  greatly  reduced  the  rate  of  void  growth  for  all  experi¬ 
mental  conditions;  cobalt  implantation  had  little  effect.  This  behavior  is 
explained  by  a  vacancy  kinetic  model  which  involves  the  preferential  dif¬ 
fusion  of  either  metal  or  oxygen  ions  through  the  growing  oxide  scale.  The 
results  of  the  present  study  have  significant  implications  concerning  the 
oxidation  kinetics  and  the  adherence  of  the  oxide  scale  to  the  coating  alloy. 


1.  Introduction 

Small  amounts  of  rare  earth  metals  (“oxygen-active”  elements)  such  as 
yditrium,  hafnium  or  cerium  are  known  to  improve  the  oxidation  resustance 
of  the  MCrAlY-type  coating  alloys  (where  M  =  Co,  Ni  or  Fe).  In  the  past, 
various  mechanisms  have  been  proposed  to  explain  the  beneficial  effect  of 
the  oxygen-active  element.  Whittle  and  cowork ers  [1,2]  and  Pettit  and 
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coworkers  (3,  4]  proposed  a  model  of  mechanical  keying  due  to  the  forma¬ 
tion  of  oxide  pegs  rich  in  active  elements,  the  role  of  these  pegs  being  to 
anchor  the  oxide  scale  to  the  coating  alloy.  Other  mechanisms  include 
the  prevention  of  vacancy  coalescence  at  the  scale— metal  interface  by 
providing  alternative  sites  for  vacancy  sinks  [5],  the  enhancement  of  oxide 
scale  plasticity  [6],  the  modification  of  the  oxide  scale  growth  process  [7], 
the  formation  of  graded  oxide  [8]  and,  more  recently,  the  segregation  of 
sulfur  at  the  metal-oxide  interface  [9, 10 J.  In  the  latter  mechanism  it  is 
assumed  that  the  MCrAlY-type  coatings  contain  sulfur  as  an  inherent  im¬ 
purity  and  that  sulfur  tends  to  segregate  at  the  metal-oxide  interface  during 
oxidation.  This  segregation  is  supposed  to  weaken  the  bond  between  the 
metal  eoatmg  and  the  oxide  scale  leading  to  poor  oxide  adherence  and 
eventual  spallation.  In  this  model,  the  active  elements  in  the  coating  alloy 
act  as  scavengers  and  trap  any  sulfur  impurity  present,  preventing  its  segrega¬ 
tion  at,  and  consequent  degradation  of,  the  metal-oxide  interface. 

In  considering  these  models  it  is  noted,  in  regard  to  oxide  pegging,  that 
several  studies  have  reported  very  adherent  oxide  scale  in  the  absence  of 
oxide  pegs.  In  addition,  no  conclusive  evidence  has  been  advanced  to  show 
that  the  presence  of  an  oxygen-active  element  in  the  coating  alloy  increases 
the  plasticity  of  the  oxide  scale  or  that  it  leads  to  the  formation  of  a  graded 
oxide.  However,  the  vacancy-sink  model  remains  a  postulate. 

With  reference  to  the  model  proposed  by  Smeggil  and  coworkers  [9, 
10],  the  following  observations  can  be  made.  Thermodynamic  considerations 
would  suggest  the  formation  of  yttria  rather  than  yttrium  sulfides,  because 
yttria  has  a  much  higher  negative  free  energy  of  formation  than  the  sulfides; 
—449  kcal  moP*  for  yttria  compared  with  —29  kcal  moP*  for  yttrium 
sulfide  at  room  temperature.  Furthermore,  it  can  be  expected  that,  in  the 
circumstances  involved  in  this  study,  the  activity  of  oxygen  will  exceed  that 
of  sulfur.  These  expectations  are  supported  by  direct  microchemical  analysis 
conducted  by  Ramanaryanan  etal.  [11]. 

The  present  research  effort  is  the  continuation  of  a  previous  oxidation 
study  conducted  by  Sprague  et  al.  [12, 13]  using  the  same  cast  CoCrAl 
alloy.  The  present  results  show  that  the  formation  of  voids  at  the  metal- 
oxide  scale  interface  during  high  temperature  oxidation  is  greatly  inhibited 
by  the  presence  of  rare  earth  elements.  This  behavior  follows  as  a  natural 
consequence  of  the  vastly  different  rates  of  diffusion  of  metal  (cation)  and 
oxygen  (anion)  atoms  through  the  rare  eruth  oxides.  Thus,  by  virtue  of  the 
large  energies  of  formation  of  these  oxides,  it  is  to  be  expected  that  during 
the  first  stages  ot  the  oxidation  process  the  rare  earth  ions  will  tend  to 
migrate  and  segregate  at  the  surface.  This  view  is  supported  by  the  results 
of  Luthra  and  Briant  [14]  who  found  evidence  for  such  segregation  from 
Auger  electron  spectroscopy  and  by  those  of  Aprigliano  [15].  Here  the 
important  consequence  of  this  activity  is  tire  formation  of  an  oxide  rich 
in  yttria  which  is  expected  to  act  as  a  barrier  to  the  diffusion  of  metal  ions 
niul  the  concomitant  flux  of  vacancies.  A  reduction  in  this  flux  implies  a 
rcductioi:  in  the  :  ate  <T  void  form.ation. 


2.  Experimental  details 

2.1.  Coating  alloy 

The  composition  (wt.%)  of  the  cast  alloy  used  in  this  study  was  Co- 
22Cr-llAl  (from  now  on  the  alloy  will  be  referred  to  as  CoCrAl  alloy). 
This  alloy  was  prepared  by  arc  melting  in  a  purified  argon  atmosphere  and 
by  drop  casting  into  a  chilled  copper  mold.  The  ingot  was  subsequently 
annealed  for  100  h  at  1100  "C  in  argon  and  furnace  cooled.  The  micro¬ 
structure  of  the  cast  CoCrAl  consisted  mainly  of  a  jS-CoAI  matrix  phase 
and  an  a-Co  solid  solution  phase.  Additional  details  about  the  alloy  micro¬ 
structure  are  given  elsewhere  [12, 13]. 

2.2.  Specimen  preparation  and  ion  implantation 

After  heat  treatment,  the  cast  CoCrAl  specimens  were  cut  into  coupons 
of  approximately  10mm  X  10  mm  X  2  mm.  One  surface  of  each  specimen 
was  polished  with  diamond  powder  to  a  0.5  pm  finish.  Some  of  the  speci¬ 
mens  were  ion  implanted  at  the  Naval  Research  Laboratory  High  Current  Ion 
Implantation  Facility  with  either  yttrium,  hafnium  or  cobalt  to  doses  of 
(2  -  5)  X  10‘*  ions  cm“^  These  doses  correspond  to  4  -  5  wt.%  of  the  im¬ 
planted  species.  The  cobalt  ions  were  used  to  determine  possible  effects 
produced  by  the  physical  changes  in  the  near-surface  region  of  the  alloys 
resulting  from  the  ion  implantation  process. 

Ion  implantation  was  used  as  a  tool  to  obtain  a  uniform  distribution  of 
rare  earth  elements  in  the  near-surface  region  of  the  coating  alloy  specimens. 
To  allow  direct  comparison  of  the  oxidation  response  of  implanted  and 
non-implanted  CoCrAl,  the  specimens  were  masked  (approximately  50%) 
during  ion  implantation. 

2.3.  Oxidation  exposure  and  microstructural  analysis 

Oxidation  experiments  were  performed  in  dry  air  at  temperatures  in 
the  range  700  -  1000  °C  for  exposure  times  varying  between  3  and  1140  min. 
To  minimize  heat-up  and  cool-down  times,  the  samples  were  rapidly  inserted 
into  and  withdrawn  from  a  preheated  horizontal  tube  furnace. 

The  specimens,  both  before  and  after  oxidation  exposures,  were 
examined  by  various  electron  optical  techniques  which  included  .scanning 
transmission  electron  microscopy  (STEM)  and  scanning  electron  microscopy 
(SEM)  with  energy-dispersive  X-ray  spectroscopy  (EDS). 


3.  Results 

3.1.  Microstructure  of  cast  CoCrAl  alloy 

Heat  treatment  of  the  aist  CoCrAl  for  100  h  at  1100  °C  in  vacuum 
produced  a  microstructure  consisting  of  an  ordered  cubic  matrix  phase  of 
/3-Co.M  together  with  an  n-Co  solid  solution  phase  (Fig.  1).  From  thin  film 
FDS  analysis  the  compositions  in  weigli!  f)ercont  of  ilu'  (i  and  <v  pliases  are 
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Fig.  1.  Scanning  electron  micrographs  of  a  cast  CoCrAl  specimen  partially  implanted  with 
hafnium:  (a)  low  magnification;  (b)  hafnium-implanted  region;  (c)  unimplanted  region. 


Co-14Cr-25Al  and  Co-28Cr-7Al  respectively.  The  a  phase  forms  a  network 
separating  the  /3-phase  grains.  Figures  1(b)  and  1(c)  show  the  effect  of  ion 
implantation  on  the  microstructure  of  cast  CoCrAl;  Fig.  1(b)  corresponds 
to  the  region  of  the  specimen  surface  that  had  been  ion  implanted  with 
hafnium  and  Fig.  1(c)  corresponds  to  the  region  that  had  been  masked  and 
thus  had  not  been  implanted.  These  two  micrographs  show  that,  before 
oxidation,  there  is  no  significant  difference  between  the  implanted  and  non- 
im planted  surfaces. 

The  scanning  electron  micrographs  presented  in  Fig.  2  were  taken  from 
a  non-implanted  alloy  specimen  that  had  been  t/xidized  in  air  for  3  min 
at  700  °C.  The  micrographs  show  the  presence  of  voids  in  the  a  phase  with  a 
greater  concentration  of  voids  along  the  oc~P  phase  boundaries.  In  addition, 
no  voids  are  visible  in  the  /3-CoAl  matrix  phase.  The  same  behavior  was 
noted  for  all  oxidation  times  used  in  the  study.  It  is  known  from  previous 
oxidation  studies  (12,  13]  that  voids  generally  form  at  the  metal-oxide  scale 
interface  during  the  oxidation  process,  tn  contrast  with  these  results, 
Sprague  et  ai  (12,13]  reported  interfacial  voids  in  the  /3  phase  and  along 
the  a-p  pliasc  boundary  but,  not  in  the  rr  f>has''.  The  difference  between  the 
(v.'o  I  'sults  IS  probably  duo  to  differing  oxidali  *n  conditions,  in  accord  with 


Fig.  2.  Secondary  electron  micrographs  of  a  cast  CoCrAl  specimen  after  3  min  of  oxida¬ 
tion  at  700  °C;  (a)  low  magnification;  (b)  high  magnification.  Kirkendall-type  voids 
formed  during  oxidation  in  the  a  phase  close  to  the  phase  boundary  but  not  in  the 
^-AlCo  matrix  phase. 


this  hypothesis  it  is  shown  later  that  void  formation  is  a  function  of  both 
oxidizing  temperature  and  exposure  time. 

Figure  3  shows  a  summary  of  the  oxidation  results  obtained  on  the  cast 
CoCrAl  alloy  oxidized  for  3  min  at  four  different  temperatures  (700,  800, 
900  and  1000  "C).  From  these  results  the  following  important  observations 
can  be  made:  (1)  raising  the  temperature  from  700  to  800  °C  for  the  same 
oxidation  time  results  in  the  formation  of  interfacial  voids  both  in  the  oc  and 
P  phases  and  at  the  phase  boundary;  (2)  for  the  same  exposure  time,  the 
average  void  size  in  both  phases  increases  with  increasing  temperature  (Figs. 
4(b)  and  4(c));  (3)  a  further  increase  in  the  temperature  to  1000  "C  causes  the 
spallation  of  the  oxide  scale  owing  to  the  high  density  of  voids  in  the  a 
phase  (Fig.  4(b)). 

The  scanning  electron  micrograph  and  the  corresponding  X-ray  spectra 
shown  in  Fig.  4  provide  some  important  insights  into  the  kinetics  of  oxide 
formation  on  the  CoCrAl-type  coating  alloys.  These  were  taken  from  the 
surface  of  a  specimen  oxidized  for  3  min  at  1000  °C.  The  spectrum  given 
in  Fig.  4(b)  shows  that  the  oxide  scale  formed  over  tiie  a  piuiso  is  mostly 
composed  of  chromium  oxide  with  decreasing  amounts  of  cobalt  and 
aluminum  oxides.  Conversely,  the  oxide  scale  formed  over  the  ft  phase  has 
less  chromium  oxide  but  more  cobalt  and  alumhium  oxides  (Fig.  4(d)).  Also 
of  interest  is  a  comparison  of  X-ray  spectra  shown  in  Figs.  4(li)  and  4(c). 
The  spectrum  in  Fig.  4(c)  was  taken  from  a  region  of  the  specimen  surface 
where  the  oxide  scale  formed  over  the  a  phase  had  partially  spalled  off. 
When  this  spectrum  is  compared  with  the  spectrum  in  Fig.  4(b)  it  can  be 
seen  that  there  is  more  aluminum  and  cobalt  and  less  chromium  in  the 
unspalled  oxide  than  in  the  region  of  the  oxide  subject  to  spallation.  In 
addition,  in  contrast  with  the  findings  of  Srneggil  ct  ol.  ( 10] ,  closer  examina- 


Fig.  3.  Secondary  electron  micrographs  of  cast  CoCrAl  specimens  after  3  min  of  oxida¬ 
tion  at  various  temperatures;  (a)  specimen  oxidized  at  700  "C;  (b)  specimen  oxidized  at 
800  °C;  (c)  specimen  oxidized  at  900  °C;  (d)  specimen  oxidized  at  1000  °C.  Kirketuiall- 
type  voids  formed  at  the  mcUil-oxide  interface  during  llie  oxidation  exposures;  tire 
average  size  of  the  voids  increased  witf)  temperature. 


tioii  of  Lite  oxidized  surface  (F'ig.  d(a))  sliovvs  Llial  the  oxide  formed  over 
the  a'  phase  is  thicker  than  the  oxide  formed  over  tin*  P  pliase. 

Figure  h  illustrates  the  oxidation  behavior  of  the  east  (lof^rAi  alloy 
that  had  been  ion  implanted  with  cither  ylUium  or  eohall  prior  to  the 
exposure  to  the  oxidizing  environment;  Figs,  b  and  7  illustrate  the  behavK)r 
of  the  ailoy  ion  implanted  willi  hafnium.  Foi  lir.'  U)  miii  c.\ pii.Mirc  a!  (00  (  , 
fianels  shown  in  Figs.  b(a)  and  h(e)  elearlv  demonstraU'  that  tlte  presenet'  of 
yttrium  greatly  suppres.sed  the  formation  aiul  growth  ol  mteiiacial  voids. 
Ion  implantation  of  eobalt  (Fig.  r)(d))  did  not  suppress  void  growtli,  hut  it 
did  affect  the  average  size  and  llu*  number  of  voids  per  unit  area  wIumi 
compared  with  unimplanted  (lof'rAI  (Fig.  hlh)).  'This  latti’r  rornparison 
suggests  that  void  formation  and  growth*  is  only  slightly  altecttxi  by  the 
physical  d.image  produced  on  tlic  surface  <»f  the  alloy  hy  llie  lou  implauia 
(i(>n  1"  "  C  s  aiidAc  lr\’  III-’  ciiri''h’?c’!  (  mI  coli.il!  iu  'I'*’  uc.c  .icl  if  '’  region 
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Fig.  4.  Secondary  electron  micrograph  and  energy-dispersive  X-ray  spectra  of  a  cast 
CoCrAl  specimen  after  3  min  of  oxidation  at  1000  "C.  Kirkendall-type  voids  formed  at 
the  metal-oxide  interface  in  both  a  and  0  phases;  energy-dispersive  X-ray  spectra  show 
the  relative  concentrations  of  cobalt,  chromium  and  aluminum  in  three  different  areas. 


Ion  implanting  cast  CoCrAl  with  hafnium  and  subsequent  exposure  in  air 
at  700  “C  for  1  h  resulted  in  a  significant  suppression  of  void  formation 
(Figs.  6(c)  and  6(d)).  However,  the  scanning  electron  micrographs  in  Fig.  7 
show  that  the  presence  of  hafnium  was  not  as  effective  in  suppressing  void 
formation  when  the  temperature  was  raised  to  900  °C. 

3.2.  Discussion  of  results 

It  is  known  that  the  formation  and  growth  of  voids  at  the  inetal-oxicie 
interface  during  high  temperature  oxidation  of  cast  CoCrAl  coating  is 
associated  with  a  Kirkendall-type  mechanism.  This  mechanism  involves  a 
mass  imbalance  due  to  the  rapid  diffusion  of  the  metal  ions  from  the  bulk 
alloy  to  the  oxide-gas  interface.  This  outward  migration  of  the  metal  ions 
occurs  first  by  diffusion  through  the  alloy,  followed  by  diffusion  through 
the  growing  o.xide  scale.  The  removal  of  the  mdtal  ions  results  in  the  creation 
of  cation  \';:canci(*s  at  the  o.\ide-gas  interface.  To  c()unt(?rl)alan<  c  tlu;  mass 
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Fig.  5.  Secondary  electoon  micrographs  of  a  cast  CoCrAl  ^cimen  after  1  h  of  oxidation 
at  700  ^3:  (a)  low  magnification;  (b)  high  magniHcation  of  unimplanted  region;  (c)  high 
magniHcation  of  yttrium*implan ted  region;  (d)  high  magnification  of  cobalt>implanted 
region.  Micrographs  show  that  Kirkendall-type  voids  formed  on  both  the  unimplanted 
and  cobalt-implanted  surfaces  but  not  on  the  yttrium-implanted  surface. 


flow  outwards,  these  vacancies  diffuse  inwards  through  the  oxide  scale  to  its 
interface  with  the  metal,  where,  if  their  concentration  exceeds  the  equilib¬ 
rium  concentration,  they  deposit.  Thus,  the  interface  acts  as  a  vacancy  sink, 
resulting  in  the  formation  and  growth  of  interfacial  voids.  In  this  model 
oxide  scale  growth  in  the  unimplanted  alloy  mainly  proceeds  by  an  outward 
diffusion  of  the  metal  ions  rather  than  the  inwaurd  diffusion  of  the  oxygen 
ions  through  the  oxide  scale.  An  important  consequence  of  void  formation 
at  the  metal-oxide  interface  is  that  the  adhesion  strength  of  the  oxide  scale 
is  significantly  reduced.  In  this  case  the  voids  not  only  reduce  the  contact 
area  between  the  oxide  and  metal  coating  but  they  also  act  as  stress  raisers 
since  they  behave  somewhat  like  “penny-shaped”  cracks  at  the  interface. 

This  sequence  of  events  is  dependent  on  the  preferential  diffusion  of 
the  metal  ions  to  the  free  surface  (oxide-gas  interface).  This  requires  a  faster 
diffusion  of  cobalt  and  chromium  in  their  corresponding  oxides  than  diffu¬ 
sion  of  o.xygen  in  the  same  oxides.  From  the  literature  values  presented  in 
Table  1,  it  can  be  seen  tliat  the  diffusion  coefficients  of  cobalt  in  cobalt 


fi.  Secondary  electron  micrographs  of  a  cast  CoCrAl  specimen  partially  implantod. 
with  hafnium  and  then  oxi<.iizod  for  1  h  at  700  °C;  (a)  and  (b)  unimplantod  r-ag'.’:', ,  ;■  I 
and  (d)  hafnitinvimplanted  region.  Kirkendall-type  voids  formed  on  th('  u nimpi  n-.t 
region,  but  they  were  larg.elv  suppre.s,sed  on  the  hafniiin, -implanted  regioi;. 

t)xido  (t'oOl  and  chronunm  iii  chrumia  (t.'rjt),),  at  htdh  loth)  arui  '/oo  *  , 
art’  several  orders  of  itiatinittide  lart^er  ttuin  the  tiilfusion  enrtt  ici'  i.i 
oxyften  in  these  oxides.  In  ojntrast,  as  reported  in  i’ahle  1,  thi-  dO!  u..s  .:i 
eoeffu'ients  oi  alunnnnm  and  oxypen  in  alumina  lAld),)  .lO'  onii  liK 
at  these  two  t.emireratnres.  As  will  he  sliown,  1  he^e  dirti  'oii, f:,  m  (iiir.:  sn! 
rates  of  metal  and  oxvi'en  ions  in  these  thre<“  o\ ah-s  af  1  eei  the  l.niei,  e* 
interlaeial  void  loimatuni  and  piowth. 

Kvidt'iice  supporting  the  hyp(.)thesi.s  that  mtei  taei.al  void  1 1  a  nial  s  a :  ni 
the  CoOAl  alloy  is  a  thermally  activated  [iroee.ss  involvm;;  the  jtieteienti.il 
diffusion  (jf  mainly  ( ohalt  and  chromium  at  the  tree  ox  hie  aiil.iei'  (  •  .  .ne 
{tas  interface)  is  provideti  hy  thr*  results  pr<‘sente(i  m  Fi};.  >S.  The  [tlol  pie 
sfmti'd  m  f  u'  S  shows  (h;)'  lor  a  itiven  ox  idal  ion  i  nne,  l  he  vi  nd  ').'■■  iite|.;ee 
with  t(*m|)era(  ure,  A  vnliie  (or  the  act  ivat.ion  eneij'.v  for  void  loim.nion 
eaimol  liiipK  he  detlne'd  irom  the  slope  ol  the  line  m  fa'  I'e  .m  e  i>! 

'  om  :  I  !e  ;t  ■  n  t  I  ,e  Vi  a:  !  ■  I  !  i  (  e  o  e  .  .  ■.  s  '  i  1 1  ■  e .  .  •  e  ,  i ,  ,  i  i  ■  e  i 


Fig.  7.  Backscattered  electron  micrographs  of  a  cast  CoCrAl  specimen  partially  im¬ 
planted  with  hafnium  and  then  oxidized  for  1  h  at  900  °C:  (a)  low  magnification;  (b) 
high  magnification  of  the  unimplanted  region;  (c)  high  magnification  of  th.e  hafniun;- 
implanted  region.  At  this  higher  oxidation,  hafnium  implantation  was  not  as  offectivi' 
in  suppressing  the  interfacial  voids. 


creases  with  both  exposure  time  and  temperature,  the  number  of  voids  [ler 
unit  area  decreases.  This  implies  that  smaller  voids  coalesce  into  larger  voids 
as  either  the  time  or  the  temperature  increase.  Consequently,  the  evolution 
of  void  size  with  either  time  or  temperature  is  not  a  simple  process.  The  void 
formation  model  propos<xi  above  is  shown  .schematically  in  Fig.  9. 

Ion  implanting  the  surface  of  CoCrAl  specimens  with  either  yttrium  or 
hafnium  greatly  suppressed  the  formation  of  interfacial  voids  for  all  c'xpi'n 
mental  conditions  (F'igs.  5-7).  The  following  mechanism  is  proposed  to 
account  for  these  results.  From  Table  1,  it  can  be  observed  that  the  coel 
ficients  of  oxygen  diffusion  in  yttria  (¥^03)  at  both  700  and  1000  “C  are 
many  orders  of  magnitude  higher  than  yttrium  in  its  oxide.  Similarly,  the 
diffusion  coefficient  of  oxygen  in  liafnut  (Hf02)  is  much  hu^ger  than  the 
coefficient  of  hafnium  in  HfO^.  The  behavior  is  th('  reverse  of  that  observt'd 
in  eol)  l(  ;:nd  (  iconinitn  oxides  t  lwiiig  lo  (T.e  l.;el.  of  difl  iisioi:  da'a  in  (  ne 


I'ABI.K  1 

Diffusion  coefficients  of  metal  (cation)  and  oxygen  (anion)  ions  in  pertinent  oxides 
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Oxide 

Temperature 

CC) 

Coefficient  of 
cation  (metal) 
diffusion 
(cm^  s“’) 

Coefficient  of 
anion  (oxygen) 
diffusion 
(cm^  s'  ') 

Cobalt  oxide  (CoO) 

700 

4.3  X  10  *' 

2.2  X  10  -- 

1000 

2.8  X  10“^ 

2.4  X  10“'^ 

(thromia  (Cr;0.i) 

700 

3.3  X  10"'5 

4.fi  X  10 

1000 

,5  X  10  '* 

c 

X 

Alumina  (ACO^) 

700 

!  1)00 

9.4  X  10 

1  X  10 

Vtlna  (Y;Oj) 

700 

G.l  X  10  '* 

2.2  ■:  10  '  ‘ 

1000 

2  X  10  '" 

2.8  X  10  '^ 

Hafnia  (HfO;) 

700 

NA 

NA 

1000 

NA 

NA 

1300 

NA 

5  X  10  “' 

Ceria  (Ce02) 

700 

NA 

1.5  X  10'^ 

1000 

NA 

2.8  X  10  '* 

CO 

z 

o 

cr 

o 


cr 

UJ 


< 

Q 

O 

O 

> 


1000'C 


DOO'C 


BOO'C 


700'C 


0  /s 


0  85 


0  95 


1 

1  05 


UT  (1000.0/DEGREES  KELVIN) 

Fig.  8.  A  plot  of  the  average  void  si/,e  us.  the  inverse  of  absolute  temperature  for  the  un- 
impLmted  (’nCr.AI  .illuv  fi-r  .in  e-ypoMire  time  of  min 


imilt K'oinfx iiiuiiL  sy-stum,  it  is  a.ssuiiifd  (liat  the  ratrs  of  tiiffusion  of  oxyjirn 
throu)^h  uiLhcr  yttria  or  hafnia  are  alst)  much  faster  than  those'  of  the  meUil 
ions  pre'sent  in  cast  CoCrAl,  namely  cohalt,  chromium  and  aluminum. 

Now,  in  view  of  the  hi{;h  activity  of  both  yttrium  and  hafnium  for 
o\yi;en,  it  is  likely  that,  in  the  initial  stages,  of  oxidation,  yttria  and  liafni.i 
form  faster  than  other  oxide  s[)ecies.  'I’lit'  [nest'nce  of  the  resultant  o.xidt' 
l.iyi  r  on  th  '  sm/m  inieri  snifac<  permits  the  l■■latlvel\'  la-l  mward  (iifti  ;ion 
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OXIDE  GROWTH  PREDOMINANTLY 
BY  OUTWARD  METAL  ION  DIFFUSION 


Fig.  9.  Schematic  diagram  of  the  inlerfacial  void  formation  mo<i<'l. 


of  the  (oxygen)  anions  while  reducing  the  outward  diffusion  of  cations 
(the  cobalt,  chromium  and  aluminum  metal  ions)  to  the  outer  surface. 
Consequently,  in  contrast  with  the  case  of  the  unimplanted  alloy,  oxide 
growth  with  an  oxygen-active  element  mainly  occurs  by  an  inward  oxida¬ 
tion  process  involving  the  inward  diffusion  of  oxygen  ions  through  the 
growing  oxide  scale.  The  flow  of  oxygen  ions  inwards  contributes  to  a 
reversed  flow  of  vacancies  in  the  oxide  which  flow  outwards  to  the  oxide- 
gas  interface  where  they  are  annihilated.  However,  this  process  does  not  lead 
to  the  formation  of  Kirkendall-type  voids.  A  schematic  diagram  of  the  void 
suppression  model  is  presented  in  Fig.  10.  The  suppression  of  void  formation 
at  the  oxide-metal  interface  in  the  presence  of  an  oxygen-active  element  in 
the  coating  alloy  significantly  improves  the  adhesion  of  the  oxide  scale  to 
metal. 


OXIDE  GROWTH  PREDOMINANTLY 
BY  INWARD  OXYGEN  DIFFUSION 
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Two  other  important  results  are  addressed  next,  one  relating  to  the 
effect  of  cobalt  implantation  and  the  other  relating  to  the  formation  and 
growth  of  interfacial  voids  at  the  ot-p  phase  boundary.  The  purpose  of 
cobalt  implantation  was  to  determine  the  effects  of  physical  damage  rei:ult- 
ing  from  the  ion  implantation  process.  The  results  (Fig.  5)  indicate  that 
effects  of  such  physical  damage  on  interfacial  void  formation  and  oxide 
development  are  small.  In  addition,  it  is  noted  that  for  short-time  oxida¬ 
tion  exposures  at  700  °C,  the  voids  in  the  unimplanted  material  formed 
only  in  the  or  phase  close  to  the  phase  boundary.  For  all  other  experimental 
conditions  voids  in  the  phase  boundary  were,  on  average,  larger  and  more 
numerous.  This  may  be  explained  by  the  fact  that  boundary  diffusion  is 
generally  faster  than  bulk  (lattice)  diffusion;  during  oxidation  the  metal 
atoms  move  more  easily  through  the  phase  boundary  than  through  the 
hulk  of  the  alloy. 


4.  Conclusions 

Ion  implantation  was  used  as  a  tool  to  study  the  effects  of  oxygen- 
active  elements  on  the  high  temperature  oxidation  behavior  of  cast  CoCrAl 
coating  alloy.  During  high  temperature  oxidation  of  unimplanted  CoCrAl 
specimens,  voids  formed  at  the  metal-oxide  interface.  The  size  and  number 
of  these  interfacial  voids  were  dependent  on  the  oxidizing  temperature  and 
exposure  time.  Prior  ion  implantation  of  CoCrAl  specimens  with  either 
yttrium  or  hafnium  greatly  reduced  the  nucleation  and  the  growth  of  these 
interfacial  voids.  It  was  concluded  that  void  formation  on  the  unimplanted 
coating  alloy  is  the  result  of  a  Kirkendall-type  porosity  mechanism  involving 
the  coalesence  of  vacancies  at  the  metal-oxide  interface.  These  vacancies  arc 
produced  at  the  free  surface  consequent  on  the  diffusion  of  metal  ions  to 
that  interface  during  the  oxidation  process.  The  presence  of  a  layer  of  oxide 
of  an  oxygen-active  element  in  the  near-surface  region  of  the  cast  CoCrAl 
specimens  reverses  the  net  mass  flow,  with  the  oxygen  ions  diffusing  much 
faster  than  the  metal  ions  through  the  growing  oxide.  Since  the  diffusion 
of  oxygen  ensues  from  an  interface  mechanism  that  does  not  produce 
vacancies,  there  is  no  tendency  for  void  formation.  It  is  proposed,  therefore, 
that  the  improvement  in  the  performance  of  the  coating  alloy  containing 
oxygen-active  elements  is  the  result  of  improved  adherence  of  the  protective 
oxide  scale  owing  to  the  siqipn'ssion  of  Kirkendail  porosit  y. 
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Abstract 

A  research  effort  is  underway  at  the  Naval  Research  Laboratory  to  study 
and  develop  superstrength  materials  for  high  temperature  applications. 

This  effort  is  mostly  based  on  the  theoretical  concepts  developed  by  Louat 

(1). 

In  this  study  three  different  procedures  were  employed  to  embed  a  high 
volume  fraction  of  submicron-size  titanium  or  tantalum  carbide  particles  in 
a  copper  matrix.  In  the  first,  carbide  particles  were  coated  with  copper 
by  an  electroless  plating  technique  and  then  consolidated  by  hot  isostatic 
pressing  (Hipping).  In  the  second  procedure,  infiltration  and 
consol idation  was  achieved  by  first  encapsulating  the  carbide  particles  in 
copper  followed  by  two  succesive  hipping  treatments  above  and  below  the 
melting  temperature  of  copper.  The  third  was  exactly  the  same  as  the 
second  except  that  the  starting  powder  for  this  case  was  a  blend  of  equal 
volume  amounts  of  carbide  and  copper  powders.  For  all  three  cases  the  room 
temperature  yield  strength  of  the  consolidated  material  was  determined  by 
microindentation  (impression)  tests.  The  most  promising  result  in  terms  of 
mechanical  strength  was  obtained  for  the  tantalum  carbide  powder 
encapsulated  in  copper  and  hipped.  In  fact,  an  average  yield  strength  of 
1208  MPa  (175  ksi )  was  measured  on  this  material.  This  value  is  nearly  six 
times  the  strength  of  copper  at  room  temperature.  On  the  other  hand,  the 
average  yield  strength  of  the  electroless  copper-plated  titanium  carbide 
particles  hipped  in  copper  was  only  450  MPa  (65  ksi),  which  is  only  twice 
the  strength  of  copper.  The  consolidated  mixture  of  carbide  and  coppi'c 
powders  produced  an  average  yield  strength  of  207  MPa  (30  ksi)  winch  is  the 
yield  strength  of  copper. 

The  above  results  on  the  mechanical  strength  ot  the  corisol  i  dateii 
carbides  are  correlated  and  discuss(>d  in  terms  of  the  cor  resijond  i  no 
III  I  c  ros  t  r  uc  t  u  r  o  I  teatur\“S  oiitained  by  tiiyh  resolution  ..>a'iiiiin,  elesLf.'i: 
microscopy  and  energy  dispersive  X-ray  analysis. 
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Introduction 


It  would  dppo^r  thdt  offorts  to  dttdin  improvod  mochdnicdl  proportios 
in  conventional  materials  and  with  conventional  methods,  has  reached  a 
region  of  diminishing  returns  and  that  the  achievement  of  dramatic 
increases  in  strength  and  ductility  will  require  the  usage  of  new  and 
revolutionary  approaches. 

Here  we  report  some  initial  results  of  an  investigation  of  one  such 
approach.  Expectations  of  its  effectiveness  rest  on  the  prediction  that 
such  superior  properties  can  be  expected  to  develop  with  decreasing 
particle  size  in  two  phase  materials,  when  in  a  reversal  of  the  normal 
situation,  the  major  phase  is  particulate  while  the  minor  provides  the 
matrix.  Specifically,  it  is  expected  that  over  a  wide  range  of  particle 
size  1,  the  yield  strength  o  of  such  materials  would  follow  a  Hall-Petch 
relation, 

o  =  oq  + 

Since  it  would  appear  that  the  fabrication  of  such  materials  necessarily 
requires  and  can  be  acnieved  by  the  agglomenation  of  preformed  powders  in  a 
suitable  matrix  the  strengths  attainable  would  be  effectively  limited  only 
by  the  (a)  particle  size  attainable  and  (b)  the  development  of  the 
technology  necessary  to  handle  ultra-fine  powders.  Again,  a  variant  of 
this  approach  appears  to  promise  extension  of  such  strength  to  elevated 
temperatures.  Thus,  under  circumstances  such  that  the  particles  form  a 
load  bearing  skeleton  the  intervention  of  the  phenomenon  of  dilatancy  is 
predicted  to  result  in  material  properties  which  are  virtually  independent 
of  the  shear  strength  of  the  matrix.  That  is  to  say,  strength  should  be 
unaffected  when  the  matrix  melts. 

An  initial  experimental  confirmation  of  these  expectations  has  been 
obtained  earlier  from  the  system  Fe-Hg(3).  There  in  a  particular,  a  yield 
strength  of  32.4  MPa  (4.7  ksi)  at  90%  of  the  melting  point  of  mercury  was 
obtained.  These  numbers  as  they  stand  are  probably  not  very  informative, 
it  may  therefore  be  helpful  to  note  that  this  stress  represents  an  elastic 
strain  of  "4%.  Such  a  strain  at  the  same  homologous  temperature  in  a 
material  having  a  nickel  matrix  would  imply  a  yield  of  972  MPa  (141  xsi)  at 
1280°C. 

The  work  reported  here  represents  an  extension  of  this  research  to 
materials  which  are  technically  more  realistic.  In  large  measure  we  have 
been  concerned  to  investigate  the  efficiency  of  various  techniques  for 
material  fabrication. 


E xperHiient  a  1  !)eta  i  1  s 


The  carbide  particles  used  in  this  study  were  titanium  and  tantalum 
carbides  in  powder  form.  Ihe  purity  of  the  three  carbide  powders  was  99% 
and  the  average  size  of  the  two  types  of  particles  was  less  than  one 
micron.  Three  different  procedures  were  used  to  prepare  coiiiposite  compacts. 
The  compacts  were  constituted  by  embedding  one  type  of  carbide  particle  in 
a  ductile  copper  matrix. 

In  the  first  procedure  titanium  carbide  particles  were  coated  with 
copper  using  an  electroless  plating  bath.  The  coated  particles  were  then 
dritid  in  laboratory  oir  in  an  electric  oven  at  IPO^C.  The  dried  particles 
were  compacted  into  a  pellet  through  hot  pressing.  The  pellet  was 
subsequent ly  wrapped  with  a  copper  foil.  The  wrapped  pellet  was 
placed  inside  a  st, unless  steel  bag  and  evacuated.  The  evacuated  bag  was 


hot  isostatically  pressed  (HIP)  for  1  hour  at  950‘'C  at  a  pressur ?  of  207 
MPa  (30  ksi).  In  the  second  procedure  powder  if  either  taotalutn  or 
titanium  carDide  was  placed  inside  a  hollow  copper  cylinder  and  then  sealed 
with  a  copper  cap.  the  sealed  cylinder  was  first  wrapped  with  a  copper  and 
then  with  a  tantalum  foil.  The  wrapped  cylinder  was  placed  inside  a 
stainless  steel  bag,  evacuated  for  several  hours  and  given  two  successive 
hipping  treatments:  one  for  two  hours  at  1100°C  (above  the  melting 
temperature  of  copper)  followed  by  another  2  hours  at  950°C  (below  the 
melting  temperature  of  copper);  the  isostatic  pressure  for  the  two  hipping 
treatments  was  207  MPa  (30  ksi).  The  third  procedure  was  exactly  the  same 
as  the  second  one  with  the  exception  that  the  starting  powder  was  a  blended 
mixture  of  equal  volume  amounts  of  carbide  and  copper  powders. 

The  three  different  hipped  materials  were  removed  from  the  stainless 
steel  bag  and  from  the  wrapping  foils,  sectioned  with  a  diamond  saw  and 
polished  by  standard  metal lographic  techniques.  The  yield  strength  on  the 
polished  sections  was  determined  by  impression  tests  using  a  cyl indrical ly 

shaped  indenter  of  1  mm  diameter  size.  Complete  details  of  the 
experimental  apparatus  for  the  impression  tests  are  given  elsewhere  (2). 

The  mi crostructural  features  of  the  hipped  materials  were  examined  by 
scanning  electron  microscopy  using  a  Hitachi  Model  S-800  high  resolution 
field  emission  microscopy  equipped  with  a  PGT  energy  dispersive  X-ray 
system  for  compositional  analysis. 

Resul ts 

The  SEM  micrographs  presented  in  Fig.  1  show  the  copper  coated 
titanium  carbide  particles  (panel  A)  and  the  microstructure  of  the  coated 
particles  after  they  had  been  consolidated  and  hipped  for  2  hours  at  950°C. 
The  energy  dispersive  X-ray  spectrum  shown  at  the  bottom  of  Fig.  1 
indicates  that  the  electroless  process  was  successful  in  depositing  a 
copper  layer  on  the  carbide  particles.  The  X-ray  spectrum  displays  the 
presence  of  some  oxygen  in  the  coated  particles.  Such  presence  suggests 
that  some  oxidation  took  place  during  the  electroless  process.  A  negligible 
amount  of  oxygen  was  also  found  on  the  carbide  particles  before  the  copper 
plating.  Figure  IB  clearly  shows  the  composite  material  was  porous  after 
hipping.  The  consequence  of  this  porosity  on  the  mechanical  properties  or 
the  hipped  material  will  be  considered  in  the  Discussion  Section  of  the 
paper.  Here  it  suffices  to  say  that  impression  tests  on  the  above  material 
indicated  an  average  yield  strength  of  45U  MPa  (65  ksi). 

The  mi crostructure  of  the  tantalum  carbide  powder  that  was  first 
encapsulated  in  copper  and  then  hipped  for  2  hours  at  1100  and  another  2 
hours  at  950  is  shown  by  the  SEM  micrographs  presented  in  Fig.  2.  Panel  A 
in  this  figure  shows  a  typical  indentation  mark  produced  on  the  hipped 
materi.il  by  the  impression  tests.  The  higher  SFM  mi  r  roijr.-.pte,  (lig.  P  and 
C)  provide  additional  mi  crostructural  details.  Ihe  laatenal  at  the  bottom 
of  the  indentation  is  smooth,  fine-grained  and  dense.  By  contrast,  the 
material  away  from  the  indentation  marks  is  coarser,  less  dense  and 
somewhat  porous.  As  illustrated  by  the  energy  dispersive  X-ray  spectrum  in 
Fig.  2,  the  amount  of  copper  in  the  hipped  material  was  ubstantial .  This 
indicates  that  during  the  hipping  process  a  signficant  amount  of  copper  had 
infiltrated  the  tantalum  carbide  powder.  Due  to  the  large  overlapping 
between  the  copper  and  tantalum  peaks  in  the  X-ray' spectra  we  were  unable 
to  obtain  an  average  composition  of  the  hipped  material.  The  X-ray 
spectrum  in  Fig.  2  also  contains  a  small  oxygen  peak.  A  similar  oxygen 
peak  was  observed  in  the  tantalum  carbide  powder  before  hipping. 
Impression  tests  conducted  at  room  temperature  on  the  hipped  specimen 


inoicdte  an  avei  aye  sLrenylh  ot  39/I'iPa  (130  V.-.  i ) .  Tnc 

procedure  was  then  repeated.  The  strenyth  rose  to  1208  MPa  (175  k.si).  This 
value  is  nearly  six  times  the  yield  strenyth  of  copper. 

The  siynificant  microstructural  features  of  the  hipped  titanium 
carbide-copper  composite  specimen  are  illustrated  by  the  SEM  microyraphs 
shown  in  Fiy.  3.  As  described  in  the  previous  section,  the  composite  was 
obtained  by  blendiny  equal  volume  amounts  of  carbide  and  copper  powders  and 
hippiny  the  blended  mixture  for  2  hours  at  1100°C,  followed  by  another  2 
hours  hippiny  at  950°C.  Both  the  SEM  microyraphs  and  the  correspond! ny 
X-ray  spectra  also  presented  in  Fiy.  3  clearly  show  that  the  above 
procedure  did  not  produce  a  uniform  material.  In  fact,  the  two  powders  did 
not  amalgamate  well  at  the  microscopic  level.  The  microstructure  reveals 
distinct  copper-rich-carbide-poor  regions  alternating  with 

copper-poor-carbide-rich  regions.  The  carbide-rich  regions  displayed 
extensive  porosity.  Impression  tests  performed  on  this  sample  yielded  an 
average  strength  value  of  207  MPa  (30  ksi).  Copper  yields  at  207  MPa  (30 
ksi ) . 


Di scussi on 


The  highest  strength  measured  was  1208  MPa  (175  ksi).  This  was 
achieved  with  TaC  powder  (1  pm  diameter)  which  had  been  infiltrated  with 
copper  by  the  double  hipping  process.  The  thickness  of  the  copper  coating 
was  initially  unknown.  It  might  be  inferred  from  the  variable  but  definite 
porosity  evident  in  the  microyraphs  of  the  hipped  materials  that  the  layer 
is  thin,  i.e.  less  than  the  mean  particle  radius.  However,  this  conclusion 
conforms  with  the  observ..tion  that  there  is  little  if  any  indication  of 
porosity  in  the  micrographs  of  the  impression  pits.  This  observation 
together  with  the  fact  that  a  re-hipping  procedure  give  a  substantial 
increase  in  strength,  ~45  ksi  suggests  rather  that  the  material  as  tested 
was  poorly  compacted.  The  reason  for  this  is  not  understood. 

The  impression  that  the  hippiny  procedures  are  not  performing  as 
anticipated  is  reinforced  by  another  set  of  observations.  Thus,  the 
failure  to  obtain  significant  infiltration  of  molten  copper  into  the 
interstices  of  the  powder  compacts  under  the  hippiny  pressures  207  MPa 
(30  ksi).  For  the  particle  size  employed  this  would  be  surprising  even  if 
the  metal  did  not  wet  the  particles,  it  is  even  harder  to  understand  in 
view  of  the  expectation  that  wetting  does  occur.  Assuming  that  the 
strenyth  is  given  by 


o  =  Oq  +  k  1  ■  *  / 

we  find  ignoring  any  contribution  from  o,,  that  when  <5  ^  1/S  ksi  and  with  1 
^  1  urn  that  k  is  about  twice  value  found  for  iron. 

In  conclusion  the  highest  strength  1208  MPa  (1/5  ksi)  is  encouriigi ng 
but  what  could  be  anticipated  on  the  basis  ot  the  ie-Hy  results  is 
mentioned  above.  The  reasons  for  this  discrepancy  are  likely  to  be:  (a) 
insufficient  thickness  of  the  copper  layer  to  form  a  continuous  matrix, 
leading  to  porosity;  (b)  incomplete  wetting  between  particles  and  matrix 
due  to  oxide  formation.  It  can  be  expected  that  much  higher  strengths  will 
be  achieved  with  better  techniques  in  the  preparation  of  the  materials  and 
with  the  use  of  finer  powders. 


Concludiiiy  Remarks 


Previous  tiieoreticol  studies  bi-  Louat  (1)  nave  concluded  that 
superstrength  materials  for  elevated  temperature  applications  can  be 

obtained  by  embedding  a  high  volume  fraction  of 
submicron-size-hard-particles  such  as  carbides  in  a  ductile  matrix  such  as 
copper.  In  the  present  study  it  has  been  shown  that  submicron-size 
particle  of  either  titanium  or  tantalum  carbide  particles  can  be  coated 
with  copper  by  electroless  plating  or  by  an  infiltration  technique. 
Consolidation  of  the  electroless  plated  particles  was  obtained  by  hot 

isostatic  pressing.  Two  successive  hot  isostatic  pressing  above  and  below 
the  melting  temperature  of  copper  was  also  used  to  infiltrate  (coat)  and 
consolidate  carbide  powders  or  a  mixture  of  carbide  and  copper  powders. 
The  most  promising  result  in  terms  of  superstrength  properties,  was 
obtained  for  the  tantalum  carbide  particles  infiltrated  and  consolidated  by 
the  two  successive  hipping  treatments.  In  fact,  impression  tests  on  this 
!  material  measured  an  average  yield  strength  nearly  six  times  the  strength 

of  copper.  On  the  other  hand,  impreSbion  tests  on  the  consolidated 

material  obtained  from  the  electroless  plated  particles  indicated  a  room 
temperature  yield  strength  about  twice  that  of  copper.  The  lowest  yield 
j  strength  was  measured  on  the  material  obtained  by  hipping  the  blended 
mixture  of  carbide  and  copper  powders. 

1  The  results  of  the  mi crostructural  and  energy  dispersive  X-ray 

*  analysis  conducted  on  the  three  different  materials  when  correlated  to  the 

corresponding  mechancial  properties  showed  the  following:  the  infiltrated 
I  and  consolidated  tantalum  carbide  material  was  fairly  dense  and  the 
particles  were  uniformly  mixed  with  the  copper  matrix;  the  particl-^s 
electroless  coated  and  then  hipped  displayed  extensive  porosity  and 
)  microcracking;  it  also  appeared  that  deposited  copper  had  been  partially- 
oxidized  during  tne  plating  process.  The  material  obtained  from 
consolidating  the  mixture  of  carbide  and  copper  powders  showed  a  networK  of 

,  copper-rich  and  copper-poor  regions.  The  copper-poor  regions  were  very 

porous. 
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INTRODUCTION 

It  has  recently  been  pointed  out  [1]  that  the  strengthening  encountered 
in  polycrystals,  the  Hall-Petch  effect,  can  also  be  expected  in  materials 
which  are  not  necessarily  polycrystalline  but,  insofar  as  the  effect  is 
concerned,  are  similar  to  them.  Specifically  considered  were  two-phase 
alloys  in  which  the  matrix  forms  the  minor  constituent  and  in  which  the 
other,  major  phase,  is  particulate.  Such  alloys  are  to  be  consid'  red  as 
equivalent  to  polycrystals  if  the  matrix  is  so  thin  that,  at  the  stress 
involved,  it  cannot,  independent  of  the  particles,  deform  plastically.  This 
restriction  is  also  available  in  circumstances  where  the  particles  are 
replaced  by  rods  or  plates,  effectively  infinite  in  length. 

The  operation  of  the  Hall-Petch  effect  in  such  materials  in  which  the 
particle  size  is  now  disposable  in  practice  down  to  diameters  conveniently 
measured  in  nanometers,  allows  the  possibility  of  material  strengths 
approaching  the  theoretical  limit. 

It  has  also  been  noted  (1]  that  the  phenomenon  of  dilatancy  which  is 
responsible  for  the  firmness  of  wet  beach  sand  [2]  may  have  metallurgical 
applications;  a  direct  analogy  being  a  packed  dispersion  of  particles  (each 
contacts  -  six  others)  in  a  metal  matrix.  If  this  analogue  is  to  have 
important  consequences  at  temperatures  so  high  that  the  matri.x  approaches  it.^ 
melting  point  or  is  actually  molten  it  is  necessary  that  the  particles  be 
strong  at  these  temperatures  and  be  very  much  smaller  than  ordinary  sand 
grains . 

The  essential  feature  of  dilatancy  is  that  the  total  volume  of  the 
interstices  between  particles,  which  are  essentially  densely  packed  and 
individually  rigid,  expands  upon  deformation.  When  this  volume  is  occupied 
by  a  continuous  fluid,  such  expansion  must  result  either:  in  the  formation 
of  voids;  a  reduction  in  (compressive)  pressure  or;  in  an  inward  flow  from  an 
external  surface.  When  the  fluid  is  liquid,  formation  of  voids  is  resisted 
by  its  cohesion;  inward  flow  by  the  development  at  the  outer  surface  oi  a 
pressure : 

p  =  2y  cos0/rh  (1) 

where  y  is  the  surface  energy  of  contact  between  particle  and  liquid,  0  the 
contact  angle  and  rj,  the  radius  of  the  hole  through  which  the  liquid  must 
flow.  Purely  elastic  behavior  of  the  whole  follows  from  that  of  the 
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particles  at  all  applied  stresses  less  than  p.  To  examine  the  magnitude  ol  i 
p,  we  suppose  y  to  be  of  the  order  of  the  surface  energy  of  the  matrix  and 

^ia 

thus  to  be  about :  Yq" 

where  m  is  shear  modulus  and  *a*  the  lattice  parameter  distance.  Then,  from 
(1)  with  0  ~  0:  p  -  Jl/10^  ,  rh  -  1  micron;  p  ~  ,  rh  ~  .01  micron. 

The  latter  stress  is  technically  large  in  most  cases.  The  possibility  that 
materials  could  have  such  strength  near  or  above  a  relevant  melting  point  i 
unique  to  this  approach. 

In  practice  the  achievement  of  packing  so  close  as  to  satisfy  the 
requirements  cited  above  may  be  difficult  to  achieve.  This  is  the  first 
conclusion  of  an  attempt  at  experimental  confirmation  of  these  ideas.  The 
system  employed  was  Fe-Hg.  The  results  obtained  are  detailed  below.  Here  -e 
note  that  the  largest  packing  achieved  (~66%  Fe)  was  insufficient  to  achieve 
a  rigid  particle  skeleton  so  that  deformation  of  the  matrix  alone  was 
possible.  Deformation  under  these  circumstances  is  accordingly  the  concern 
of  the  accompanying  analysis. 

ANALYSIS 

For  simplicity  we  separate  the  discussion  into  two  realms, 
characterisable  by  temperature,  and  deal  first  with  the  effects  of  packing 
deficiency  when  the  temperature  is  so  low  that  the  effects  due  to  diffusion 
can  be  neglected. 

In  the  said  circumstances  we  can  suppose  that  independent  plastic 
deformation  of  the  matrix  can  occur  by  bending  dislocations  into  semicircle 
of  radius  L/2.  This  will  occur,  provided  there  exists  an  applied  shear 
stress : 


a  = 


(?) 


Intuitively,  it  is  clear  that  1.  will  decrease  with  decreasing  particle 
radius  and  with  increasing  density  of  packing.  The  manner  of  this  decrease 
can  be  expected  to  depend  on  these  parameters  in  a  complex  way.  Rather  than 
undertake  a  detailed  analysis  of  this  question,  we  recognize  that  for  our 
present  purposes,  namely,  to  recognize  trends,  a  simplified  approach  dealin 
only  with  average  values  is  sufficient.  Following  Orowan  we  identify  L  as 
the  space  between  particles  and  assume  the  particulate  phase  to  be  spherical 
with  radius  r  and  to  represent  a  volume  fraction  f.  We  then  find  that  the 

mean  density  of  planar  circular  intersections  having  average  area  2nr^/3  is 

Tir 

3f/2nr2  with  average  radius  Thence,  we  obtain  the  mean  interparticle 

spacing : 


Numerical  values  obtained  from  the  use  of  this  formula  are  to  be 
accepted  only  with  caution,  but  it  would  seem  to  be  correct  in  predicting  a 
linear  relation  between  L  and  r  and  in  indicating  that  L  <<  r  at  volume 
fractions  which  approach  that  of  close  packed  spheres:  t=n/3'^2.  Accepting 
its  validity  we  find  when  f=.66  that  L/r=0.2  and  so  we  have  from  (2) 

O  -  fl/1400,  r  =  2  micron  *  (3) 

However,  it  is  assumed  in  equation  (2)  that  matrix  and  particle  have  t  e 
same  modulus.  Here,  where  it  is  to  be  expected  that  the  moduli  are 


significantly  different,  a  correction  is  necessary.  Seemingly,  an 
appreciation  of  its  magnitude  can  be  obtained  simply  from  a  consideration  of 
the  behavior  of  four  straight  parallel  screw  dislocations,  the  outer  pair  of 
separation,  2L-Li  represent  the  near  images  of  the  inner  pair,  separation  i.i, 
in  the  surfaces  having  separation  L  at  which  the  elastic  modulus  changes  from 
Hi  to  H2-  We  consider  the  equilibrium  of  the  inner  pair  under  the  action  of 

a  shear  stress  t  and  write 


mb  r  1  a(2L-Li)  1  ^  ^  m-H2 

2n  l-Li  L(L-Li)  ^  “  m+H2 


(4) 


Then,  providing  the  separation  of  a  dislocation  and  its  image  is  much  greater 
than  its  core  radius,  it  is  easily  seen  that  the  stress  necessary  for  passage 
is  given  by 


a 


mb 

2k 


W  a<2L-Li)  . 
'li  L(L-Li)  > 


mb 

Li 


(5) 


whence  for  a  =  1  we  find:  Li  » 3L/4  so  that  (3)  becomes  o  =  n/1000 


Apart  from  misfit  stresses  which  are  probably  hydrostatic  in  the  main, 
these  considerations  appear  to  exhaust  the  possibilities  of  direct  inhibitioi 
of  dislocation  motion.  There  remains  the  possibility  of  a  special  type  of 
work  hardening. 


The  question  of  the  hardening  induced  by  the  presence  of  particles  which 
are  essentially  unpenetrable  to  lattice  dislocations  has  been  examined 
previously,  e.g.  Brown  [7],  but  only  for  the  case  of  dilute  dispersions.  In 
these  circumstances  cross  slip  was  found  to  be  important  in  reducing 
hardening  below  its  potentential .  The  efficacy  of  the  mechanism  invoked  may 
be  traced  to  the  fact  that  the  necessary  increase  in  dislocation  length 
involved  in  by-passing  a  particle  is  relatively  small.  Such  should  not  be  so 
here,  where  the  particle  concentration  is  high.  Rather  we  would  expect  that 
plastic  deformation  of  the  matrix  would  by  and  large,  induced  by 
circumscribing  dislocation,  result  in  an  elastic  deformation  of  the  part  ides 
of  like  amount.  The  accompanying  reduction  in  stress  in  the  matri.x  may  be 
regarded  as  a  work  hardening  effect. 

For  this  hypothesis  to  be  valid  it  is  at  least  necessary  that  the 
particles  behave  in  a  quasi-impenetrable  fashion.  To  examine  this 
possibility  we  consider  the  conditions  necessary  for  the  propagation  of 
deformation  from  the  matrix  to  the  particles.  This  we  can  estimate  using  th’ 
Hall-Petch  relation 


o  =  Oq  +  k  . 


(6) 


To  estimate  k  we  refer  to  the  expression  given  by  Louat  [1]  for  the  force 
acting  on  the  head  of  a  pile-up  length  which  terminates  at  a  discontinuity  ii 
elastic  modulus  Hi  to  H2  • 


ISJCm^o^a 

Thus,  F  =  - 

H  ( 1  +cos27Cm) 


Bo^a,  where  m 


^  —  1 

—  COS 

2k 


Substitution  of  this  ei^pression  in  the  equation  given  in  the  same  paper  tor 
the  stresses  necessary  for  activation  of  slip  in  the  second  material  (modvilus 

\l2)  namely 


<Je 

Og 


4 


ABa  ' 


M2 


V 


1^ 

Aa 


where  A  is  a  constant 


resu 1 1  s 


in : 


(7) 


when,  as  here,  m 


is  small.  A  significant  feature  of  (7)  is  that  this  critical  stress  is  ; 

independent  of  the  modulus  of  mercury.  Accordingly,  we  may  employ  (6)  with  a 
value  for  k  appropriate  to  iron.  Doing  so  and  setting  a  in  (6)  as  2  microni 

we  find  that  Oc  "  ®  value  very  much  larger  than  that  given  in  (3)  . 

1  oU 


We  now  turn  to  the  consequences  of  important  diffusional  effects. 

First,  dislocation  climb.  The  rapid  work  hardening  we  have  invoked  cannot  t 
expected  when  dislocations  climb  readily.  We  therefore  anticipate 
substantial  decreases  in  strength  as  the  test  temperature  progressively 
exceeds  about  .50%  homologous. 


Turning  to  direct  effects  of  diffusion  we  remember  that  diffusional 
creep  rests  on  the  transport  of  matter  between  grain  boundaries  and  that  thi.| 
process  can  be  expected  [1]  to  self-terminate  by  the  aggregation  of  particle 
into  rigid  assemblies  at  boundaries  which  act  as  sinks  for  vacancies.  This 
has  been  estimated  [1]  to  occur  at  a  strain;  ~  2Ar/G  where  G  represents  ^ 

grain  diameter  and  A  is  the  change  in  matrix  concentration  necessary  to 


achieve  close  packing.  Here,  A 


74-66 
100  * 


I 


Metallographic  difficulties  have  prevented  a  measurement  of  G  in  the  current ' 
experiment .  General  experience  would  suggest  that  G  is  much  larger  than  2  i 
microns  so  that  tc  should  not  be  large.  For  values  which  may  be  thought  of  a 
typical;  G  >  100  microns  we  have  €c  <  “  0.3%. 

EXPERIMENTAL  t 

The  system  Fe-Hg  was  chosen  as  the  vehicle  for  a  first  test  of  such 
materials  because:  Mercury  is  immiscible  with  Iron  and  melts  near  room 
temperature.  A  factor  of  equal  importance  is  that  iron  particles  can  be 
introduced  into  mercury  with  relative  ease. 

Thus  iron  particles  (4  micron)  of  99.5%  purity  were  immersed  in  a  weak, 
acidulated  (HCI)  solution  together  with  a  quantity  of  mercury.  The 
subsequent  addition  of  mercurous  chloride  allowed  the  wetting  and  absorption 
of  the  particles  into  the  mercury.  The  resultant,  essentially  solid, 
material  was  then  compacted  by  hand  and  frozen.  In  this  way  small  specimens 
=  Ic.c.  containing  roughly  equal  volume  fractions  of  the  two  constituents 
were  produced. 

The  flow  characteristics  of  these  Hg-Fe  alloys  were  determined  using  tl.j 
so-called  impression  test  method  [3]  and  its  associated  analysis.  Here, 
stress-strain  relations  are  obtained  through  simultaneous  and  precise 
measurements  of  applied  load  and  the  resultant  penetration  of  a  flat-ended 
circular  indentor  into  a  specimen.  The  (tungsten  carbide)  indentor  is 
constrained  to  move  in  a  direction  normal  to  the  (flat)  surface  of  the 
specimen . 

Tests  were  carried  out  ov^r  a  range  of  temperatures  derived  from  the  use 
of  dry  ice  and  liquid  nitrogen  on  small  specimens  in  a  hydraulic  testing  I 
machine.  The  displacement  of  the  punch  was  found  from  the  output  of  a  I.VDT 
(linear-variable-differential-transformer)  attached  between  the  load  cell  and 
specimen.  This  and  the  corresponding  load  signal  weiu  displayed  on  an  ;-:-y 

recorder.  The  indentor  speed  was  chosen  to  be  8.5  x  10"^  m/sec.  This  speed  : 
is  equivalent  to  a  true  strain  [3]  rate  of  1.275  x  10“^/sec. 

f 

Theory  (4J  and  experiment  (3,5,6)  are  in  accord  in  providing  approx imai  ? 
correlations  between  true  tensile  stress,  t,  and  load,  P,  on  the  one  hand  an  | 
true  strain,  t,  and  penetration  S  on  the  other.  these  are,  with  error  less 
than  10%:  x  =  P/3;  c  =  8/d,  where  d  is  the  diameter  of  the  indentor. 


Fig.  1  shows  a  plot  of  true  stress  versus  true  strain  for  representative 
data  taken  at  -llO^C  and  at  -62°C  using  these  cor r-2lat ions .  From  these 
curv’es  we  find  a  yield  stress  of  ay  =  4'?.  5  MPa  (6,3  k.s.i.)  (-1]0'’C)  and 

24.13  MPa  (3.5  k.s.i.)  (-62°C) . 

DISCUSSION  AND  CONCLUSIONS 

It  is  apparent  from  the  wide  variation  in  strength  between  room 
temperature  and  -110“C  shown  by  this  material  that  the  principle  of  detailed 
continuity  of  deformation  previously  elaborated  [1)  does  not  apply  at  all 
temperatures.  Thus,  when  the  mercury  is  molten  the  restraint  afforded  by  the 
iron  particles  is  small  but  large  enough  for  the  specimens  to  stand  alone. 

The  process  involved  here  is  not  clear  but  it  would  seem  that  diffusion  would 
be  of  dominating  importance  at  temperatures  just  below  the  melting  point . 

With  progressively  lower  temperatures  the  strain  rate  achievable  by  diffusion 
alone  will  eventually  fall  below  the  rate  impressed.  In  this  realm  the  need 
for  detailed  continuity  of  deformation  will  be  increasingly  importao.t . 

Towards  an  appreciation  of  the  significance  of  the  results  of  these 
measurements  we  relate  them  to  the  elastic  moduli  of  the  constituents. 

Efforts  to  find  data  relating  to  mercury  have  been  unavailing.  However, 
having  regard  to  the  generally  symbatic  correlation  between  melting  point  anc 
elastic  modulus  in  metals  we  expect  that,  that  of  mercury  will  be  less  than 
that  of  Indium  since  the  latter  melts  at  156.4‘’C  the  former  at  -389°C.  The 
modulus  of  Indium  is  11  x  10^  MPa  (1.6  x  10^  k.s.i.)  that  of  mercury  might 
well  be  ~  6.89  x  10^  MPa  (1  x  10^  k.s.i.). 

Support  for  the  usage  of  such  a  value  is  available  from  the  measured 
value  of  the  slope  of  the  linear  portion  of  stress-strain  relation  found  at  - 
110°C.  thus,  this  slope  is  1.5  x  10®  p.s.i.  accords  with  a  crude  formulation 
using  a  rule  of  mi.xtures. 

On  this  basis  the  moduli  are  disparate;  the  indicated  ratio  is  30.  No 
such  ratio  appears  to  exist  between  any  two  materials  which  might  be  included 
as  practical.  However,  for  the  case  of  Ni-W,  while  only  6:1,  this  ratio  is 
nevertheless  significantly  larger  than  unity.  The  inability  to  find  an  exac< 
match  in  this  regard  is  probably  not  important.  The  feature  of  significance 
is  that  plastic  deformation  lies  in  the  realm  of  high  temperature  for  mercui;, 
and  low  for  iron.  This  disparity  is  shared  by  the  combination  Ni-W  tested  at 
-  1300°C.  Thus,  we  suppose  that  the  behavior  of  alloys  constituted 
respectively  of  Nickel  and  Mercury  is  the  same  when  the  homologous 
temperature  and  imposed  elastic  strains  are  the  same.  Such  an  identity  of 
elastic  strains  indicates  the  use  of  a  scaling  factor  of  =  30  ()iNi/)<Hg) 

assessing  yield  stress.  Again,  at  the  higher  of  the  two,  the  homologous 

temperature  was  0.9  (Hg) .  Applying  these  factors  we  find  a  tensile  yield 

stress  of  141  x  10^  p.s.i.  (9.71  x  10®  Pa.)  at  1280°C  for  a  hypothetical  Ni-W 

alloy  in  which  the  tungsten  is  particulate  at  4  jim  diameter  and  constitutes  = 
66%  by  volume.  Such  stresses:  =  n/200  at  90%  of  the  melting  point  of  the 
matrix  are  significantly  higher  than  those  previously  achieved  through  more 
conventional  approaches. 
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ABSTRACT 


The  stresses. (Jevelpped  by  misfitting  cylinders  and  spheres  proximate  to  a 
planar  free  surface  have  been  calculated. 

It  is  found  that  the  mean  normal  stresses  in  the  neighborhood  of  such 
particles  can  be  so  large  as  to  indicate  significant  increases  in  the  rate  of 
substitutional  diffusion. 

Again,  interactions  can  be  so  large  that  the  formation  of  a  crater  is 
energetically  favorable. 


INTRODUCTION 


Almost  invariably  cracks  initiate  from  ?  free,  surface  under  stress 
corrosion,  corrosion  fatigue  or  high  temperature  environmental  fatigue.  Such 
crack  nucleation  is  accentuated  by  the  presence  of  inclusions  in  the  proximity 
of  a  free  surface.  These  inclusions  provide  local  stress  concentrations  which 
accelerate  the  damage  process.  In  many  instances  they  are  produced  insitu  by 
the  diffusion  of  oxygen  or  sulfur  through  grain  boundaries  and  the  resultant 
internal  oxidation  or  sulphadation  of  reactive  elements  or  phases  below  the 
surface.  These  processes  are  inhibited  but  not  eliminated  by  the  use  of 
protective  coatings  which  are  sometimes  employed  in  critical  conditions  as  in 
the  hot  sections  of  gas  turbines. 

Since  oxide  or  sulphide  formation  normally  results  in  a  large  increase  in 
volume,  the  formation  of  an  inclusion  near  a  free  surface  can  induce 
comparably  large  mean  stresses  in  the  surrounding  elastic  medium.  The  object 
of  this  paper  is  to  estimate  analytically  the  magnitude  of  these  stresses  and 
their  effect  on  the  behavior  of  the  material  in  a  potentially  hostile 
environment.  Thus,  specific  note  is  taken  of  the  effect  of  much  stresses  on 
the  rates  of  substitutional  diffusion  and  on  the  energetics  of  pit  formation. 
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Diffusion  in  solids,  with  the  possible  exception  of  that  involving  interstitial 
atoms,  requires  the  motion  of  vacancies.  In  fact  the  diffusion  coefficient,  D,  can  be 
expressed  as 

D=CF 

where  C  is  the  concentration  of  vacancies  and  F  is  a  frequency  factor.  In  general  F 
and  C  are  functions  of  temperature  while  C  in  particular  varies  with  stress.  Thus,  for 
a  system  at  equilibrium  the  local  concentration  of  vacancies  at  temperature  T  is: 

C  =  CqC  AfJ/kT, 

where  D(^o)  is  the  formation  volume  of  a  vacancy  and  D  the  local  mean  stress, 
defined  as  one  third  of  the  sum  of  the  normal  stresses  k  is.  as  is  usual.  Boltrinann's 
constant.  We  now  note,  that  if  D  is  to  reach  values  corresponding  to  a  few  (n) 
percent  elastic  strain  when  T  =  900®C  that  ASi/kT  -  .8n.  This  would  correspond  to  an 
increase  in  D  by  a  factor  of  -10  when  n  =  3. 

Because  these  numbers  indicate  the  possibility  of  significant  increases  in  the 
rates  of  diffusion  consequent  on  the  existence  of  sufficiently  large  values  of  D  and 
because  it  appears  a  priori  that  such  values  could  arise  in  the  neighborhood  of  oxide 
particles  formed  in  the  proximity  of  free  surfaces,  we  have  here  made  a  formal 
calculation  of  them. 

To  begin  we  note  that  to  first  order  in  linear  elasticity  the  total  dilation 
introduced  in  an  infinite  solid  by  the  presence  of  a^  misfitting  inclusion  is  zero. 
Furthermore,  when  the  inclusion  is  spherical  and  the  stresses  around  it  have 


spherical  symmelry,  (he  dilation  is  zero  everywhere,  that  is  to  say  the  sum  of  (he 

three  principal  stresses  vanishes  at  every  point.  This  behavior  breaks  down  at  a  free 

surface  since  the  stress  normal  to  that  surface  must  vanish. 


ANALYSIS 


For  elastic  equilibrium  shear  stresses  in  and  direct  stresses  normal  to  a  free 
surface  must  vanish.  Thus,  in  (he  case  of  a  sphere  of  radius  a,  which  is  centered  a 
distance  h  below  a  planar  si'.face  of  an  elastically  isotropic  solid  and  is  under  a 
uniform,  say,  compressive  pressure  p  (Fig.  1),  (he  stresses  at  a  radial  distance  r.  on 
the  surface,  [Timoshenko  and  Goodier,  1951)  are: 


O'M 


(iC--'') 

*  C  'i 
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5  be.  ^ 
2 


Of  these,  (he  shear  stresses  o  are  annulled  by  supposing  another  identical  spherical 
particle  to  exist  at  the  image  point  of  the  first. 


We  then  have 
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The  problem  can  tben  be  expressed  as  Chat  of  finding  Ibe  normal  surface 
displacements  which  give  surface  stresses  which  are  equal  and  opposite  to  those  of 
(I)  and  subsequently  using  these  same  displacements  to  determine  the  mean  stresses 
at  arbitrary  points. 

These  ends  can  be  achieved  in  a  number  of  ways  including  the  use  of  the 
Hankel  transform  as  employed  by  Sneddon  (1951)  but  we  shall  follow  the  method 
developed  by  Leibfried  [1954]  and  Louat  (1972).  There,  one  represents  the 
displacements,  U,  as  the  aggregate  of  circular  dislocation  rings  (Fig.  2)  and  expresses 
the  condition  of  equilibrium  in  the  form: 


go 


where  R  and  a  are  used  as  integration  variables.  Here,  p  is  the  shear  modulus  and  v 
the  Poisson's  ratio  of  the  material.  X  is  the  unit  of  displacement  which  at  radius  R  is 
U(R).  The  function  f(R)  is  the  dislocation  distribution  density  and  is  the  derivative  of 
U(R).  Thus. 
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I, 


a 


After  some  manipulation  it  is  found  (Louat,  1972)  that 


(P  /  ' 

■A'o  5?-  rfs  J  o.'V'’-  1 


0^)  c^fi. 


where  b  is  a  constant  of  integration.  Substitution  here,  for  a(R)  from  (1)  gives; 


-  .a  ^  Q,  U'/' 
TT  0 


Now  Kroupa  [1960]  has  given  an  integral  representation  of  the  stresses  at  a 
point  (R,y)  due  to  a  single  circular  loop  of  dislocation  of  radius  r  and  Burgers'  vector 


1  '  b.  Thus: 
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where 


and  Jni(x)  is  the  Bessel  function  of  order  no. 

The  stresses  due  to  a  distribution  of  such  loops  are  thus  expressible  in  terms  of 

double  integrals.  For  the  case  of  interest  here,  we  consider  the  sum: 

—  I 


^  ^  ('tA 


and  thence  the  expression: 
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Using  the  substitution  u  =  tR/r  these  integrals  are  resolved  in  known  forms 
[Gradshteyn  and  Ryzhik,  1965,  pp.  682  and  712)  to  give  a  stress* 


(X) 


This  is  the  actual  mean  stress  present  because  the  contributions  from  the  pressure 
center  and  its  image  both  vanish 


,5 


When  panicle  and  malrix  have  Ihc  same  value  of  Poisson's  ratio  (v  =  l/3)  but 
different  shear  moduli  we  have  from  (9). 

(10) 


and  lor  increasing  values  ol  the  ratio  Mp/|im. 

3  ^ 

It  would  seem  for  the  case  of  Ni  and  NiO  that  Pp/Pm  ~  1/2-  Substitution  of  these 
values  in  (10)  gives: 


k  =  ^  '^O 

'  2> 


(11) 


Here,  ilo  is  given  by 
T-1 

where  T  represents  the  Pilling-Bcdworth  ratio: 

^1(^lecular  Volume  of  O.xide 
Atomic  Volume  of  Metal 

In  the  ease  of  Ni,  T  =  1.52  so  that 
A^■y  =  .52. 
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Such  stresses 


The  use  of  this  number  in  (11)  give  unrealistically  large  stresses, 
should  be  obviated  through  the  intervention  of  localized  fracture  or  through  the 
formation  of  pairs  of  prismatic  dislocation  loops. 

In  reasonably  ductile  materials  such  as  nickel-based  alloys  we  anticipate  that 
prismatic  loops  should  form  when  the  shear  stresses  in  regions  adjoining  the 
particle  are  a  few,  say  4,  percent  of  the  elastic  modulus  |8).  As  is  readily  shown  these 
stresses  are  comparable  to  p.  Accordingly,  we  shall  suppose  p  -.04  Pm- 

Effect  on  Rate  of  Diffusion 

As  indicated  earlier  we  suppose  that  diffusion  proceeds  through  the  agency  of 
lattice  vacancies  and  that  the  local  diffusion  coefficient  is  proportional  to  their  local 
equilibrium  concentration.  Thus  for  a  complete  analysis  of  diffusion  in  the 
neighborhood  of  a  spherical  particle  we  require  a  solution  of  the  diffusion  equation: 

^  ^  -t-  '  ^  ^  ^ 

to  =  St  tTj  H 

wi.h  c=c,  c,  ^ 

solutions  for  this  equation  do  not  seem  to  be  available.  Accordingly,  we  resort  to 
approximation. 


Referring  to  (6)  we  note  lhal  4$  and  hence  W  is  greatest  when  y  and  R  are  zero 
and.  that  dj  then  has  a  value  of  -^Ipa-^/h^.  Thence,  we  see,  for  values  of  p  as  slated 
above  (-.04pin).  lhal  unless  a/h-l  ihe  quanlity: 

T> y/ —  exp  ^ 

at  temperatures  T  at  which  diffusion  is  significant. 


9 


Thus,  we  can  expect  a  significant  increase  in  diffusion  anywhere  at  all 
in  the  neighborhood  of  the  particle. only  if  the  distance  between  particle  and 
surface  is  a  small  fraction  of  the  particle  radius.  Furthermore,  reference  to 
(6)  shows  that  the  region  of  enhanced  diffusion  will  be  confined  to  the  region 
in  which  y/h  and  r/h  are  small  i.e.  <  say  .5.  These  constraints  delineate  a 
small  volume  lying  between  the  particle  and  the  free  surface.  Accordingly,  we 
ignore  the  sphericity  of  the  particle  and  consider  one  dimensional  diffusion 
along  the  length  (h-a)  of  a  cylinder  of  radius  ~a. 

At  steady  state  the  diffusion  flux  is  constant  and  given  by: 

3  --Tr_^  ^  • 

4 

Solving  this  equation  we  find: 

3  ~  /  C,  "Do  «,.cp(w(o)/feT)  _ 

4  \ 

^  TToJ'  C’,  'bo  ^  ) 

where  -O . 

This  is  to  be  compared  with  that  which  flows when  D  =  constant  namely: 

3  -  "ir  ^>o  (s,  - 
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Thus,  the  ratio  of  these  fluxes  is  essentially; 


w(o)/feT^ 

We  conclude  therefore  that  diffusion  of  solute  to  a  particle  and  hence 
the  rate  of  oxidation  can  be  increased  by  the  presence  of  hydrostatic  stresses 
developed  as  a  consequence  of  that  oxidation  if  these  stresses  are  such  that 
W(o)/kT  >  1.  In  fact  with  p=m/25  as  suggested  earlier  we  find  this  factor  to 
be  ~3.0  when  T~1000OC. 

Surface  Pitting 

A  second  particular  result  of  the  presence  of  such  stresses  is  to  be 
noted.  The  Gibbs  free  energy  6  of  a  system  may  be  reduced  if  an  initially 
flat  free  surface  is  converted  to  a  crater.  Fig.  4.  The  extent  to  which  this 
process  continues  can  be  determined  from  a  consideration  of  the  rate  of  change 
of  G: 

.  S  -  s(  f 


Here  y  is  the  surface  energy/unit  area,  S  is  the  surface  area  of  the  crater 
surface  and  v  its  volume.  To  determine  such  an  extent  we  suppose  for 
simplicity  that  the  crater  surface  is  spherical  with  radius  Rn,  and  represent 
its  area  as: 

where  0^,  is  the  semi-angle  subtended  by  the  spherical  cap  at  the  center  of  the 
sphere.  Critically  we  suppose  Rm  sin  =  h.  Again,  since  we  are  interested 
in  the  rate  of  change  of  energy  and  since  the  distance  between  particle  center 
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and  the  free  surface  continually  decreases  as  the  crater  deepens  we  shall 
take: 


where  t  is  the  depth  of  the  crater.  We  then  write 

6v  =  2-nr  R  de  cos0  (sec  0^  -  sec  0)  dR 
and  get: 


This  formulation  is  reasonable  only  provided  h/R  is  relatively  small  i.e. 

significantly  less  than  unity.  Accordingly,  we  restrict  ourselves  to 

circumstances  where  h/R  <  1  and  so  too  is  0. 

7 


In  this  case  the  integral  may,  with  only  small  error,  be  written 
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Using  obvious  substitutions  and  the  relation  h=R6  the  integral  in  e  gives  a 
result  which  closely  approximates  to 


in  (  ^  -h 

2 


The  integration  in  R  then  gives 
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where  y  is  the  specific  surface  energy.  The  variation  of  G  with  the  dejlh  of 
the  crater  is;  -• 

dc,  -TTu/  J__?.  +  ■  -v  T  ^  •<-  (10) 

I  (,V-dy  J 

We  note,  for  non-vanishing,  positive  U,  that  this  quantity  is  always 

« 

negative  when  t  is  sufficiently  small.  A  crater  will  therefore  commence  to 
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form  on  flat  surfaces  adjacent  to  all  particles  which  are  too  large  for  their 
holes.  However.,  examination  .of  the  cubic  in  t  formed  from  the  right  hand  side 
of  (10)  shows  that  it  remains  negative  only  within  restricted  ranges  of  t,  h, 

W  and  Y  and  necessarily  becomes  positve  at  the  largest  (real)  root  of 
associated  equation. 


Crater  growth  up  to  this  value  is  then  assured  if  the  quantity  U/yh^  can 

be  chosen  such  that  the  cubic  equation  has  only  one  real  root.  The  condition 

necessary  is  readily  established  by  writing  t=z+2  so  that  the  cubic  becomes 

T 

-.T  =0 


where  r  and  q  are  constants, 
and  applying  the  condition 

•2 

In  this  way  we  find: 


>  o  , 


'  3 


(11) 


as  the  necessary  condition  that  the 
value  is  too  large  to  be  physically 
satisfaction  of  (11)  corresponds  to 


crater  will  grow  until  t=h+6;^<<l. 

h 

realistic  and  we  suppose  that  the 
unlimited  growth. 


Thi  s 
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CONCLUSIONS 


We  have  calculated  the  mean  stresses  developed  when  misfitting  particle 
radius  a,  is  centered  a  distance  h  below  a  planar  free  surface.  These 
stresses  can  be  important  in  accelerating  oxidation  and  corrosion  through 
increased  vacancy  concentration  and  as  a  direct  consequence,  increased  rates 
of  diffusion.  Additionally,  their  presence  can  lead  to  the  formation  of  pits. 
An  example  of  which  behavior  can  be  seen  in  fig.  5. 

A  necessary  condition  for  such  formation  is  that  pa^  >  where  p  is  the 
internal  pressure  in  the  particle  and  y  is  the  surface  energy. 
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FIGURE  CAPTIONS 


Fig.  1.  Formation  of  an  oxide  inclusion  of  radius  a  at  a  distance  h  from  a 
free  surface,  gp  and  shear  moduli  of  the  precipitate  and 

the  matrix  respectively  and  P  is  the  internal  pressure  of  the 
misfitting  inclusion. 

Fig.  2.  Schematic  illustration  showing  the  distribution  of  prismatic 

dislocations  on  the  free  surface  necessary  to  balance  the  normal 
stresses. 

Fig.  3.  Formation  of  a  crater  of  radius  R  and  depth  S  at  the  free  surface 
due  to  the  large  hydrostatic  stresses  generated  by  a  misfitting 
i ncl usi on . 


Fig.  4. 


Micrographs  showing  the  formation  of  internal  oxides  in  CoCrAlY 
coating  and  the  resulting  pits  at  the  free  surface. 


////////////. 


INCLUSION 


PEELING  OF  EPITAXIAL  LAYERS 


N  .  P Loiiat*  and  K.  Sadananda 

Thermost ructural  Materials  Branch 
Materials  Science  and  Technology  Division 
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Washington,  DC  20375-5000 

Analysis 

We  consider  an  infinite  planar  surface  of  a  crystalline 
material  of  thickness  d  and  sited  thereon  a  volume  of 
expitaxially  deposited  second  phase  having  the  form  of  a 
truncated  cylinder  of  radius  a  and  height  h/2,  such  that  h/2d 
<<a/2d<<l .  We  wish  to  examine  the  tendency  to  spontaneous 
fracture  in  the  neighborhood  of  the  interface  between  the 
phases  which  may  result  from  the  stresses  developed  in  the 
composite  solid. 

Such  stresses  vary  with  the  degree  of  epitaxiality  which 
can,  for  our  purposes,  be  characterized  by  a  parameter. 

Q,  4- 

where  ai  and  a2  represent,  respectively,  the  normal  lattice 
spacings  for  the  relevant  planes  of  the  materials  of 
substrate  and  deposit. 

N 

*On-site  contract  employee  from  Geo-Centers  Inc., 

Fort  Washington,  MD 


For  simplicity  we  assume  that  both  materials  are 

elastically  isotropic  and  that  they  have  the  same  elastic 

moduli.  Again,  we  shall  be  concerned  with  circumstances 

where  a>>h  and  with  the  stresses  developed  at  distances  r<<a 

from  the  edge  of  cylinder.  With  these  particulars  the  error 

involved  in  ignoring  the  circularity  in  the  geometry  is 

small.  In  the  interest  of  simplicity  we,  accordingly,  reduce 

the  problem  to  one  in  only  two  dimensions:  one  in  which  the 

epitaxial  layer  is  a  rectangular  slab  infinite  in  the  z- 
direction,  is  of  height,  of  width,  r  =  2a,  with  h<<2a. 

The  plane  of  the  interface  is  y=o. 

The  state  of  strain  consistent  with  this  geometry  and 
with  constant  y  can  be  imagined  to  arise  as  in  the  following 
thought  experiment.  The  slab  is  first  isolated  from  the 
substate,  in  a  stress  free  state,  tractions  are  then  applied 
over  its  interfacial  surface  so  that  it  expands  or  contracts 
so  as  to  conform  with  the  length  of  the  stress  free 
substrate.  The  surfaces  are  then  rejoined  and  the  surface 
tractions  removed  the  material  deforms  to  a  state  of 
equilibrium . 

An  alternative  description  and  one  in  which  equilibrium 
is  implicit  is  to  represent  the  trans-interfacial 
displacements  as  a  planar  dislocation  continium.  In  this 
representation  the  isolated  slab  is  supposed  to:  suffer 


uniform  elastic  strain  by  the  insertion  or  removal  of  sheets 
of  matter  in  planes  perpendicular  to  that  of  the  interface; 
be  returned  to  its  original  lateral  dimensions  by  normal 
forces  applied  to  its  lateral  surfaces.  These  forces  are 
removed  when  the  slab  is  replaced  on  the  substrate.  This  act 
engenders  the  said  uniform  dislocation  continuum. 

Equilibrium  is  achieved  by  the  glide  of  the  dislocations.  In 
the  special  circumstances  where  there  is  no  restraint  to 
motion  the  distribution  simply  vanishes.  In  the  case  of 
interest  motion  is  essentially  disallowed  by  the  strong 
atomic  interactions  at  the  interface.  Thus,  we  can  suppose 
the  resultant  distribution  to  be  constant  and  equal  to  that 
impressed  so  that  the  dislocation  content  in  a  length  Sx  is 

Sx.  =  b 

On  this  basis  the  final  stress  may  be  viewed  as  being 
derived  from  the  presence  of  the  fixed  interfacial 
dislocations  continuum  together  with  contributions  from  other 
such  continue  induced  on  the  free  surface  by  these  fixed 
stresses . 

A  first  stop  in  the  roqijirod  rnlculation  i  .s  to  ovaliiate 
the  stresses  arising  from  a  dislocation  of  magnitude  b 
located  in  the  interface  at  a  point  r=t,  y=o  in  the  presence 
of  the  five  free  surfaces  specified  by  the  coordinates: 

o-  1*1  <  o ^ '^/2 
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of  these  we  shall  neglect  the  effects  of- the  two  vertical 
boundaries  at  x=a  on  the  grounds  that  the  dislocation  of  the 
interfacial  continium  are  at  positions  x=t  such  that,  t<<a 
nearly  always,  so  that  the  stresses  at  these  free  surfaces 
are  nearly  always  small.  Furthermore,  such  stresses  as  do 
operate  on  these  surfaces  have  only  a  relatively  small  effect 
because;  the  displacement  induced  on  a  free  surface  by  the 
operation  of  a  stress  is  proportional  to  its  length;  the 
stresses  induced  by  such  displacements  scale  with  their 
magnitude;  h/2a  is  small.  To  deal  with  the  other  three 
surfaces  we  resort  still  further  to  the  use  of  dislocation 
continua.  The  use  of  this  approach  [1]  to  represent  the 
results  of  the  interaction  of  stress  fields  with  planar  free 
surfaces  is  now  well  established.  Proceeding  on  this  basis 
we  have  four  equations  expressing  the  conditions  that  normal 
and  shear  stresses  must  vanish  in  the  free  surfaces.  We 
consider  the  four  dislocation  distributions:  f  (y.)  ;  g(x); 
h(x)  and  k(x)  developed  as  a  consequence  of  a  dislocation 
located  at  a  point  of  the  interface  (displacement  vectors 
parallel  and  normal  to  each  surface  are  necessary) .  The 
determination  of  these  functions  is  the  crux  of  the  analysis. 


We  have ; 


'.os.  -v  ^'aV 

A  *  A  k  ( 1'^-'* )  ~  A  )  ^  p^C.u.'j  -o  (^ 

L  ^  (cu-A  -  W‘A )' 

These  involve  respectively  the  vanishing  of  shear  stresses 
(1)  and  normal  stresses  (2)  on  the  continuation  of  the  plane 
of  the  interface  and  of  shear  (3)  and  normal  stresses  (4)  on 
the  top  of  the  slab.  The  quantities  Pi(u)p2(u),  P3(u)  and 
P/}(u)  represent  the  stresses  developed  on  one  surface  by  the 

distributions  on  the  other.  Other  quantities  are: 

A=nA./2u  ( 1-v)  and  A=^,b/2u  ( 1-v)  ,  where  and  v  have  their  usual 
significance.  X  represents  the  magnitude  of  the  displacement 
vector  of. unit  dislocation.  ' 
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Towards  a  solution  of  these  equations  we  resort  to 
approximations  consistent  with  the  results  obtained  by  usinq 
them.  These  are: 

(1)  Replace  the  finite  surface  forming  the  free  surface  of 
the  slab  by  one  of  infinite  extentj 

(2)  Ignore  the  effect  of  the  stresses  emanating  from  the 
semi-infinite  ranges  on  the  finite  ranges. 

On  these  bases  it  remains  only  to  calculate  the  stresses 
developed  by  the  arrays  formed  on  the  semi-infinite  surfaces 
due  to  the  direct  action  of  the  initial  dislocation  and  its 
"images”  in  the  free  surfaces. 

The  initial  justification  of  these  steps  are  as  follows: 

(a)  calculation  shows  that  provided  a-t>h  the  error  involved 
in  treating  the  upper  surfaces  as  infinite  is  small,  this 
condition  is  satisfied  for  nearly  all  the  epitaxial 
dislocations . 

(b)  The  stresses  from  the  semi-infinite  surfaces  are 
extremely  short  range,  i.e.  operative  only  over  distances 
comparable  with  h. 


can  be  neglected  we  can  proceed  to  the  solution  of  (1)  and 
(2)  on  the  basis  that  P3(u)  and  P4(u)  derive  simply  from  the 


imaging  effects  for  edge  dislocations  at  an  infinite  free 
surface.  We  first  examine  (3). 

From  a  dislocation  at  t,o  we  have  a  stress  A/|^;-;-t)  at  . 
Because  of  the  presence  of  the  free  surface  we  have  to  add  an 
image  stress  and  have  a  total 


A 


_i_  _  (xA*'"  -  W"  ^  .  tx-+^  W"  (  3 


X-  t 


V  U') 


(w*  +  (x.+i  y 


In  cases  of  interest  here^when  h/||:-:-t^  <<1  the  third  term 
is  negligible  and  this  becomes 


qI  ^ _ 


The  distribution  function  is  then  [2]: 


—  <X- 


--  -  ^  f  _L_  -  |>c1 

Consideration  of  this  expression  shows  that  h(;-;)  is  smail 
when  ^x-^>h . 
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Now  this  distribution  arises  from  the  presence  of  just 


one  element  of  dislocation  of  magnitude  b=T|5t . 
distribution  due  to  all  such  elements  is 


The 


It  is  clear  from  (6)  that  H(x)  is  small  when  (lxl-a)/h 
is  large  and  in  fact  detailed  examination  of  this  expression 
shows  that  H(x)~o  when 
I  X  I -a~3h . 


Because  the  distribution  is  short  ranged,  so  too  are  the 
stresses  developed  in  the  neighborhood  of  the  points  (x)=a. 

For  example,  the  shear  stresses  developed  along  the  plane  y=o 
by  this  array  can  be  evaluated  approximately  in  a  simple 
manner  by  recognizing  that  the  distribution  can  be 
approximated  by  the  expression 

(-7) 


where  the  constants  B  and  C  are  chosen  to  give  agreement 

between  the  range  of  the  array  and  its  magnitude  at  x=a .  We 

find  B=-7-  and  =a+3h. 

V6 
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On  this  basis  the  shear  at  a  point  t^ 


near  a 


where  D  is  the  union  of  intervals  a<(x)<c. 


In  the  case  of  the  normal  stresses  there  is  no  direct 
component  of  stress  from  the  dislocation  at  t  and  we  have 
only  the  effects  of  its  "image".  Thus,  we  have  a  stress 


Setting  x-t=nh  we  find  that  the  second  term  falls  like  1/^ 
when  n>2 .  Consequently  neglect  of  this  term  results  in  error 
in  only  a  small  region.  That  is  to  say  only  in  the 
contribution  of  those  dislocation  elements  which  lie  near  the 
ends  of  the  .slab.  Now  .somewhat  .su  rpr  i  s  i  no  1  y ,  hut  a.s 
concluded  by  Chou  and  Louat  (3)  distributions  of  dislocations 
are  more  sensitive  to  the  stresses  where  the  distribution  are 
sparse  than  when  they  are  concentrated.  This  can  be  simply 
demonstrated  by  considering  an  array  developed  through  the 


presence  of  a  stress  a(t),  who's  density  is  bounded  at  one 
end  and  unbounded  at  the  other.  Thus,  we  have 


n'fl  1  a-x) 


Ct  1  i-K. 


with  a  total  number  of  dislocations 


OL. 

=.  cloc 


n-'fl  U-x.  l-t  i 


Clearly  this  integral  is  insensitive  to  the  value  of  cy(t)  in 
the  neighborhood  of  t=a.  In  the  present  context  we  conclude 
that  the  number  of  dislocations  in  the  array  is  insensitive 
to  approximations  involved  above.  It  remains  to  note  that 
the  stresses  developed  by  an  array  are  proportional  to  n 
while  the  force  necessary  to  resist  the  advance  of  the  array 
varies  with  n^ .  Thus,  the  approximation  should  give 
comparatively  small  error  in  these  quantit  ies. 
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Proceeding  from  (4)  and  (7)  we  have  a  distribution 


-  ^  W  . 


>-  -  0-  fio. 


A  ,k  .  a. 

Tv  A 


^  ■♦-  U.  R  ^ f~^ 

(+-^V  4^10- 


W  Ue^t 


■i( 


oaa.  9 


2.  ^ 


With  the  approximation 


2  ^\'/^ 


R 


(+--i 


this  becomes 


TTA 


^  c( 

(it-CL'V  <lk 


( r'f-'x^\  ^  k  Aw.  <9/4 

V  -  X-)  V  U?" 


Adding  the  effects  of  all  dislocations  r|5t  we  have 

*/x.  \ 

ktci  .  fl  Iv  I  (+-'-o^)  <i  f ut^a/-,  4-  U.  i^ffAA 

n  B  I - ’ 


(M- 


Tn  the  range  of  interest  it  may  bo  seen  that  0~o  so  that  this 
reduces  to 

<V 

-  _i_  d  [  (^^-oS)  \.yc.  a+ 

T\(»  ^ 
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We  now  remark  that  these  results  indicate  a  square,  root 
singularity  for  both  shear  and  normal  stresses  at  the  end  of 
the  interface.  The  detailed  form  of  these  stresses  are 
clearly  complicated  and  as  we  have  seen  are  highly  localized 
at  these  points.  Fortunately,  our  interest  is  not  in  the 
distribution  of  these  stresses  but  in  the  values  of  the 
distribution  functions  at  the  points  n=a .  Thus,  Bilby  and 
Eshelby  (5]  have  shown  that  the  force  acting  on  the  leading 
element  of  dislocation  arrays  (f(x))  such  as  those  found 
here,  is  given  by  the  formula 

a. 

2  X-*  a. 

In  the  case  of  the  distribution  of  (6)  we  have 


d 


as  the  force  due  to  the  shear  stresses.  Integrating  (*?)  we 
find  the  same  force  from  the  normal  stresses. 


Now  since  these  forces  appear  at  the  termination  of  free 
surface  they  are  in  effect  forces  for  crack  extension. 
Following  Priestner  and  Louat  [4]  who  showed  that,  these 
forces  are  additive  in  their  effect,  we  have  a  total  crack 
extension  force 
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Features  of  significance  here  are  the  absence  of 
dependence  on  the  length  of  the  slab  and  the  linear 
dependence  on  its  thickness  h/2  and  the  quadratic  dependence 
on  g .  In  this  connection  it  should  be  borne  in  mind  that, 
while  the  force  for  crack  extension  is  independent  of  the 
sign  at  t],  the  crack  can  propagate  only  in  the  case  where  the 
logitudinal  stresses  in  the  epitaxial  layer  are  compressive. 
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ON  THE  D.F.Z,  AND  THE  MODIFICATION  OF  G  BY  WORK  HARDENING 

« 

N.  Louat*  and  K.  Sadananda+ 

Abstract 

On  the  basis  that  a  crack  may  be  represented  by  a  dislocation 
continuum  it  is  shown  that  a  crack  extension  force  (G)  cannot 
occur  in  the  absence  of  a  dislocation  free  zone  (D.F.Z.) .  Given 
such  a  zone  it  is  shown  that  G  is  apt  to  be  sensitive  to  the 
variation  of  flow  stress  in  the  plastic  zone  and  hence  to  work 
hardening . 
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Introduction  . 

It  is  now  widely  appreciated  that  analyses  based  on  elastic- 
plastic  continuous  fail  to  provide  any  energy  for  the  propagation 
of  a  crack  [1]-  This  conclusion  is  nowhere  more  evident  than  in 
the  Dugdale-Bilby,  Cottrell,  Swinden  (B.C.S.)  [2,3]  models.  In 

these,  as  intuitively  apparent,  and  as  has  been  demonstrated  by 
detailed  calculation  [4],  the  force  available  for  crack  extension 
is  zero.  This  is  an  obvious  defect  of  the  model  as  it  relates  to 
fracture.  We  shall  be  concerned  to  examine  the  characteristics 
essential  to  a  distribution  in  order  that  an  unbalanced  force 
appear.  The  prime  result  of  this  examination  is  a  conclusion  that 
such  a  force  requires  a  discontinuity  in  the  distribution  and  that 
such  a  discontinuity  implies  a  D.F.Z. 

On  the  basis  of  the  existence  of  a  D.F.Z.  a  beginning  is  then 
make  of  the  determination  of  the  effect  of  work  hardening  on  the 
value  of  the  crack  extension  force  G. 

ANALYSIS 

In  the  planar  two  dimensional  B.C.S.  model  the  displacements 
engendered  by  the  operation  of  an  applied  shear  stress  acting  on  a 
planar  crack  on  the  one  hand  and  a  resistance  to  motion  of 
dislocation  which  may  be  supposed  to  have  been  emitted  from  the 
crack  on  the  other  are  represented  by  a  continuum  of  dislocations. 
The  assumptions  essential  to  the  associated  analysis  are  that  each 
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element  of  the  dislocation  continuum  is  in  equilibrium  and  that 
the  dislocation  density  vanishes  at  the  ends  of  the  array. 

As  stated  above  these  characteristics  are  apparently  and 
actually  at  variance  with  the  existence  of  a  force  which  acts  on 
the  crack  tip.  It  is  further  apparent  from  a  consideration  of  the 
behavior  of  dislocation  distributions  that  equilibrium  at  a  point 
of  the  distribution  requires  continuity  at  that  point.  This 
follows  from  the  equation  specifying  equilibrium  for  such 
distributions : 

J  IC-'t 

where  f (x)  represents  the  dislocation  density  in  such  a 
distribution  and  o(t)  an  externally  supplied  stress  at  a  point  x=t 
of  the  array  which  occupies  a  region  D  of  the  n-axis.  Considering 
this  equation  in  the  neighborhood  of  the  pointy  we  may  write 
when  8(x)  is  continuous  at  x=t. 

^  (x-t)  -fit')  -f -  ^  (rCi) 

i> 

ft  4^')  +  -t  (X-'t  (1) 

2 

u 
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This  expression  is  well  defined  with  the  understanding  that  the 
singularity  is  treated  on  the  basis  of  its  principal  value.  If 
however  f(x)  is  discontinuous  at  x=t  the  integral  in  (1)  becomes 

4  -t - - 


4^(4")  - - 


in  which  case  the  singularities  persist;  the  integrals  diverge 
individually  and  collectively. 

Then  since  equilibrium  is  achievable  only  at  points  where  the 
dislocation  distribution  is  continuous,  we  anticipate  that  forces 
which  arise  from  causes  other  than  interactions  between  elements 
of  the  dislocation  distribution  must  be  present  when  it  is 
discontinuous  and  conversely  that  the  existence  of  such  a  force 
implies  a  discontinuity  in  the  distribution. 

Allowing  then  that  the  existence  of  a  force  for  crack 
extension  (that  is,  that  G  is  non-vanishing)  requires  the  presence 
of  a  discontinuity  in  the  distribution  function,  we  now  inquire 
as  to  the  physical  circumstances  in  which  such  discontinuities  can 
arise.  Two  possibilities  exist.  The  first  of  these  involves  the 
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presence  of  infinite  disaontinuities  in  stress,  as  are  induced  by 
the  presence  of  real  lattice  dislocation  of  finite  Burgers  vector 
in  the  place  of  the  array,  but  these  are  not  of  interest  here. 

The  second  possibility  is  the  abutment  of  regions  in  which  f(x)=o 
against  regions  where  f{x)^o.  Such  is  the  case  in  the  tamiliar 
circumstances  at  the  tip  of  a  crack.  Dislocation  is  spread  within 
the  crack  and  has  non-vanishing  density  at  its  tip.  External  to 
the  crack  this  density  is  zero  and  thus  there  is  a  discontinuity 
in  distribution.  There  is  then  a  net  force  on  the  leading  element 
of  the  array  due  to  all  the  others  and  a  force  for  crack 
extension.  In  the  same  way  we  are  lead  to  conclude  that  a 
modified  B.C.S.  model  in  which  a  region  or  regions  of  zero 
dislocation  density  are  introduced  in  such  a  way  as  to  result  in  a 
discontinuities  in  this  density  are  accomplished  by  the  appearance 
of  similar  forces.  Furthermore,  we  conclude  that  no  such  force 
can  arise  unless  there  exists  such  an  arrangement.  That  is  to  say 
we  may  regard  the  existence  of  a  discontinuity  in  dislocation 
density  which  borders  a  region  free  of  dislocation  (Dislocation- 
Free-Zone)  as  both  necessary  and  sufficient  for  the  existence  of  a 
crack  propagation  force  and  hence  of  fracture. 

On  this  basis  we  now  consider  the  question  of  how  the  force  G 
on  a  crack  tip  is  influenced  by  the  distribution  of  dislocation 
within  a  plastic  zone  separated  from  the  free  crack  by  a 
dislocation- free-zone  (D.F.Z.)*  To  facilitate  an  understanding  of 
the  analysis  we  first  outline  the  procedure  for  the  B.C.S.  model. 

We  suppose  that  an  infinite  body  be  subjected  to  a  uniform  stress  o 


and  that  it  contain  a  planar  crack  (y=o)  which  is  bounded  by  the 
lines  at  (x)=b.  It  is  further  supposed  that  the  motion  of 
dislocations  which  could  have  been  emitted  by  this  crack  is 
impeded  by  the  action  of  a  lattice  resistance,  t,  in  a  plastic 
zone:  b<|:-:I<a,  y=o. 

Invoking  the  approximation  that  the  displacements  in  y=o,  due 
to  the  lattice  dislocations  of  the  plastic  zone  can  be  expressed 
in  terms  of  a  continuum  (f  (x))  of  elementary  dislocation  we  have 
for  equilibrium  [5,6] 

X't 

-<C 

On  the  basis  that  the  distribution  is  bounded  when  ] x | =a  the 
unique  solution  [7]  to  this  equation  is 
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Chang  and  Ohr  modified  this  model  to  allow  for  the  existence 
of  a  D.f.Z.  at  the  tips  of  the  crack  c<|  1 <b  using  essentially  the 

same  Stresses  as  above.  In  this  case  the  solution  is 
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with  a  condition 


An  unfortunate  characteristic  of  the  results  of  the 
evaluation  of  the  integrals  involved  is  that  while  they  are 
available  in  closed  form  their  representation  involves  elliptic 
integrals  of  all  three  kinds.  Appreciation  and  manipulation  of 
these  results  is  accordingly  difficult.  To  avoid  these 
difficulties  Louat  [10]  introduced  an  approximate  distribution 
expressed  in  terms  of  elementary  functions.  Thus, 
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Inspection  shows  that  f (x)  is  unbounded  with  the  square  root 
singularity  characteristic  of  crack  tips  at  x=c,  and  vanishes  at 
I X I =b  and  |x|=a.  The  total  stresses  associated  with  this 
distribution  are: 
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Of  these  is  as  it  should  be  while  03  deviates  from  the  required 
value  (o+t)  over  a  length  which  is  small  when  the  D.F.2.  is  small 
in  comparison  with  a-b.  Thus,  setting  the  length  of  the  D.F.Z.  as 

/S  =  ^  ~  C 


we  find  that  03  deviates  from  its  required  value  by  less  than  10% 
when 


The  results  of  (3),  (4),  (5)  and  (6)  are  subject  to  the  same 

condition  as  obtains  in  the  case  of  the  B.C.S.  crack,  here: 
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We  now  fix  the  size  of  A  by  reference  to  a  particular 
physical  basis  for  its  existence.  We  suppose  in  conformity  with 
the  precepts  of  the  B.C.S.  model  that  a  crack  length  2c  will, 
under  the  action  of  some  imposed  shear  stress  o  emit  a  dislocation 

on  an  otherwise  dislocation  free  plane.  This  dislocation  will 
glide  to  a  position  at  which  the  force  of  its  interaction  is  just 
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balanced  by  the  resistance  to  motion  offered  by  the  material.  For 
constant  o  and  c,  it  is  apparent  that  the  emission  of  a  second 

dislocation  would  be  less  readily  achieved  than  that  of  the  first 
and  so  on.  This  process  would  cease  when  the  closest  dislocation 
was  at  some  finite  distance  from  the  crack  tip.  We  suppose  that 
this  distance  is  a  close  approximation  to  A.  We  fix  A  by 
requiring  that  the  stress  at  the  crack  tip  be  sufficient  to  allow 
the  formation  of  the  last  dislocation  of  the  sequence.  Thus,  the 
stress  {€)  is  to  exceed  some  critical  value  at  a  certain  distance 
from  the  crack  tip.  We  take  this  distance  as  one  atom  spacing  (A.) 
and  the  critical  stress  as  ji/10  and  have  the  condition; 

Y  / aV"  Xt-  4  (O'-b)  =  <t  ^  H- 

so  that 


~  ^  _ ! - 

K  Ic)  y  /^w  -4-  ^ 
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Clearly,  this  ratio  increases  rapidly  with  decreasing  Y  ^nd 
since  the  lengths  c,  b  and  a  are  not  prescribed  it  is  apparent 
that  situations  can  occur  in  which  the  condition  A/(a-b)<<l  is  not 
satisfied.  However,  in  circumstances  typical  of  fracture: 

Y~h/103,  a-b~lmm,  we  find  from  (7)  that 
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so  that  in  this  case 


(X- b 
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it  is  then  not  surprising  that  for  parameters  leading  to  such 
values  of  A/ (a-b)  as  this,  the  approximate  treatment  gives  results 
which  accord  well  with  the  numerical  values  given  by  Ohr  and  Chang 
[11]  . 


This  result  is  not  unexpected  in  the  circumstances  of  the 
supposed  (col  inear)  geometry  where  dislocation  emission  and  crack 
extension ^mode  are  essentially  similar.  This  similarity  should 
not  persist  to  more  realistic  situations  where  crack  advance  and 
dislocation  emission  occur  on  planes  inclined  at  an  angle  0  (0~7O'’) 
to  each  other.  For  this  geometry  the  presence  of  an  edge 
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dislocation  which  lies  irr  a  glide  plane  which  passes  through  the 
crack  tip  and,  when  at  a  distance  r  from  it,  provides  forces  which 
respectively  resist  dislocation  emission  and  crack  advance  and 
which  have  magnitudes: 

'  i.  ^  . 

Z  R  iwiA.  S  DdJl  ft  Z 

't-  'V' 

so  that  emission  is  selectively  restrained  when  6>  jt/4  . 


Since  emission  in  particular  and,  plastic  deformation  in  the 
neighborhood  of  a  crack  in  general,  will  tend  to  result  in  crack 
blunting  selective  restraint  of  dislocation  motion  is  e:-:pected  to 
assist  in  fracture.  Among  processes  which  have  such  an  effect,  we 
distinguish  work  hardening.  Towards  an  appreciation  of  the 
importance  of  this  phenomenon  we  consider  the  consequences  of  the 
existence  of  a  stress  which  is  largest  in  regions  where 
dislocation  motion  is  greatest.  We  suppose  in  particular  that 

(TlyL]  =  ,  I  ^  1  ^  4-  <x  ^  ^  jx  I 


To  analyze  the  consequences  of  this  stress  distribution  we 
first  require  satisfaction  of  the  condition  (2) : 
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using  the  widely  valid  approximation 


and  setting 

Ot  ^  ^  / 

the  condition  (8)  becomes 

696~'  b  ^  2. 
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This  reduces  to  the  B.C.S.  result  when  n=o. 

Corresponding  to  this  arrangement  in  applied  stress  we  have  a 
dislocation  distribution 

where 


=  o  ,  1x1  <,b. 
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Thus  save  a  numerical  factor 

4  -f  Ot.') 

when  (x|<b.  This  is  true  in  particular  when  x=c  so  that  using  the 
Bilby-Eshelby  result  as  before  G  the  crack,  extension  force  is 
functionally  invariant  and 

=  - — - 

q  (^-3^]'" 


where  appertains  when  work  hardening  is  present  and  G  when  it  is 
absent;  c . f .  ( i )  • 

The  model  adopted  here  for  the  effects  of  work  hardening  as  a 
simple  linear  decrease  in  flow  stress  is  most  unlikely  to  be 
accurate.  However,  the  attainment  of  a  more  realistic 
representation  appears  to  rest  on  an  experimental  determination  of 
localized  stress  and  plastic  strain  in  plastic  zones.  Such 
measurements  are  unknown  to  the  author . 
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COMPUTER  SIMULATION  OF  DISLOCATION  MOTION 
Principal  Investigator:  K.  Sadananda 
Co- investigators:  M.S.  Duesbery,  N.  Louat 
1 .  Introduction 

It  has  been  known  for  many  years  that  metals  can  be  hardened 
significantly  by  precipitation  of  a  second  phase  [1-3].  The  degree 
of  hardening  varies  with  many  factors,  including  the  size  and 
distribution  of  the  precipitates,  their  elastic  strength  relative 
to  that  of  the  matrix  and  the  nature  of  the  precipitate-matrix 
interfaces.  Some  specific  strengthening  mechanisms  have  been 
identified  as  follows. 

(a)  Coherency  strengthening  [4],  caused  by  the  stress  field  around 
a  particle  which  does  not  fit  exactly  into  the  cavity  in  the 
matrix. 

(b)  Modulus  strengthening  [5],  caused  by  a  difference  in  elastic 
moduli  between  precipitate  and  matrix. 

(c)  Order  strengthening  [6],  caused  by  the  need  to  create  an 
antiphase  domain  boundary  when  a  dislocation  passes  through  an 
ordered  precipitate. 

(d)  Stacking  fault  strengthening  [7],  due  to  a  difference  in 
stacking  fault  energy  betweeen  precipate  and  matrix. 

(e)  Surface  Strengthening  [8],  caused  by  the  creation  of  new 
particle-matrix  interfaces  as  the  precipitate  is  sheared. 

The  principles  underlying  the  hardening  effect  are  understood 
at  a  qualitative  level.  The  precipitates  act  as  obstacles  to  the 
passage  of  dislocations,  which  must  bypass  the  obstacles  in  order 


2 


for  plastic  flow  to  proceed.  Bypass  can  occur  via  any  one  of  a 
number  of  processes,  depending  on  the  details  of  the  second  phase 
particles  and  the  character  of  the  dispersion.  For  example,  soft 
precipitates  may  be  easily  intersected  by  dislocations.  A  harder 
second  phase  may  require  the  dislocations  to  loop  around  the 
inclusions,  leaving  loops  and  debris  which  can  contribute  to  the 
hardening  effect;  in  this  case  the  precipitates  can  sometimes  fail 
unexpectedly,  leading  to  avalanches  of  plastic  flow  and  cata¬ 
strophic  failure  of  the  material. 

Quantitative  understanding,  in  contrast,  is  poor,  and  the 
development  of  improved  dispersion-hardened  materials  proceeds  in 
large  part  by  the  slow  and  inefficient  avenue  of  empiricism.  This 
was  understandable  twenty-five  years  ago,  when  the  elastic  theory 
of  dislocations  was  insufficiently  advanced  to  treat  the  self  and 
interaction  energies  of  arbitrarily  shaped  dislocations,  and  when 
the  facilities  for  numerical  modelling  were  severely  limited. 
However,  it  is  now  possible  to  develop  formally  self-consistent 
Hamiltonians  for  the  problem  and  to  solve  them  numerically,  making 
possible  a  cost-effective  alternative  to  empirical  experimentation. 

There  are  two  levels  to  the  problem.  At  the  micromechanical 
level,  it  is  necessary  to  understand  the  detailed  interaction  of 
dislocations  with  precipitates  of  different  character,  in  order  to 
categorize  bypass  mechanisms  as  a  function  of  obstacle  characteris¬ 
tics  and  determine  the  associated  critical  parameters.  These 
results  must  then  be  used  at  a  macroscopic  level  to  model  the 
statistical  mechanics  of  dislocation  motion  through  realistic 


3 


distributions  of  dispersed  obstacles. 

Our  work  over  the  last  year  has  considered  the  interaction  of 
dislocations  with  one  specific  class  of  precipitate,  elastically 
coherent  spherical  inclusions. 


2 .  Modelling  Methods 

The  shear  stress  field  at  a  point  P  due  to  an  element  of 
length  ds  at  C  of  a  dislocation  segment  AB  (see  fig.  1)  is  given 


by  [9] 


tr  \V\^ 


(1) 


where  r  is  the  vector  joining  C  and  P,  y3  is  the  angle  between  r  and 
the  tangent  to  the  dislocation  line  at  C,  b  is  the  Burgers 
vector  and  E,  E''  are  the  energy  of  the  dislocation  per  unit 
length  and  its  second  angular  derivative,  respectively.  The  stress 
at  P  due  to  the  entire  segment  AB  is  obtained  by  integrating  (1) 
along  the  contour  AB.  Referring  again  to  fig.  1,  it  is  obvious  that 
the  dislocation  segment  AB  will  exert  a  stress  on  the  segment  EF 
by  virtue  of  (1) ,  a  stress  which  remains  the  same  whether  EF  is 
part  of  a  physically  distinct  dislocation  or  part  of  the  same 
dislocation  as  AB  (see  dashed  line  in  fig.  1)  .  Thus  different 
elements  of  the  same  dislocation  interact  with  each  other,  causing 
a  self-stress  which  influences  the  shape  and  flexibility. 

The  simplest  approximation  to  the  self-interaction  of  the 
dislocation  is  the  line  tension  model  [10],  which  treats  a  disloca¬ 
tion  as  an  elastic  string  with  a  fixed  pnergy  per  unit  length.  The 


line  tension  model  is  crude,  completely  ignoring  the  strong  inter¬ 
action  (1)  ,  but  nonetheless  forms  the  predominant  basis  for  our 
understanding  of  dispersion  hardening,  at  both  the  microscopic  and 
statistical  levels. 

The  self-stress  model,  introduced  as  a  numerical  procedure  by 
Bacon  [11]  based  on  Brown's  [9,12]  self -stress  theory,  accounts 
fully  for  the  self-interaction  (1).  This  model  has  been  used  [IS¬ 
IS]  to  investigate  dislocation  bowing  between  "impenetrable" 
obstacles  (i.e.  infinitely  strong  obstacles  with  no  local  stress 
field) .  The  most  complete  treatment  was  given  by  Bacon,  Kocks  and 
Scattergood  [16]  (referred  to  below  as  BKS) ,  who  showed  that  the 
predictions  of  the  full  self-stress  model  can  be  very  different 
from  those  of  the  line  tension  model. 

The  BKS  model,  notwithstanding  their  advanced  treatment  of 
the  self-stress,  treats  only  impenetrable  obstacles  and  single 
dislocations  in  a  pre-critical  bowed  state.  We  have  extended 
Bacon's  ideas  to  develop  a  dynamic  model  which  can  simulate  not 
only  dislocation  bowing,  but  also  the  full  range  of  bypass  pro¬ 
cesses,  including  intersection,  looping  and  interaction  with  debris 
and  other  dislocations.  This  has  never  been  attempted  before,  and 
represents  a  major  advance  in  dispersion  hardening  theory. 

The  model  treats  each  dislocation  as  a  set  of  finite  straight 
segments,  each  with  its  own  momentum  and  position,  moving  in  the 
potential  energy  field  prescribed  by  the  full  self-stress 
Hamiltonian.  The  segment  density  varies  along  the  dislocation  line, 
permitting  small  segment  lengths  when  a  high  curvature  must  be 
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modelled,  but  large  lengths  when  the  curvature  is  low.  The  segment 
density  is  dynamically  reallocated  to  optimize  numerical  perfor¬ 
mance.  Obstacles  of  any  kind  can  be  incorporated,  provided  that  an 
effective  stress  field  can  be  defined. 

3 .  Results 

It  is  convenient  to  use  the  predictions  of  the  line  tension 
model  as  a  baseline,  to  facilitate  comparison  and  understanding  of 
deviations.  For  impenetrable  obstacles  of  diameter  D  and  separation 
L  (fig.  2)  ,  the  line  tension  model  predicts  a  bypass  (Orowan) 

stress  To  of  [17] 

To  =  Gb/L  (2) 

where  G  is  the  shear  modulus  and  b  the  magnitude  of  the  Burgers 
vector.  Fig.  2  shows  a  schematic  section  of  a  dislocation  line 
bowed  a  linear  array  of  identical  obstacles  (boundary 
conditions  of  translational  periodicity  in  L  +  D  are  used) ,  just 
before  the  breakthough  point.  The  parameters  of  interest,  the 
breaking  angle  . ,  the  maximum  bowout  ¥„  and  the  closest  distance  of 
approach  between  dislocation  and  obstacle  are  indicated  in  fig. 
2. 

The  line  tension  model  predicts  the  breaking  angle  Q  to  be  0° 
and  the  bowed  shape  to  be  circular  with  Y^L  =0,5.  BKS  showed  that 
this  description  must  be  modified  in  the  self-stress  model. 

They  found  that  while  the  breaking  angle,  remains  close  to  0°,  both 
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the  Orowan  stress  and  the  bowout  at  the  critical  point  can  be  much 
less  than  predicted  by  the  line  tension  model.  This  is  because  the 
attractive  dipolar  interaction  between  the  dislocation  arms  on 
either  side  of  an  obstacle  (e.g.  X,  X'  in  fig.  2)  assists  the 
bypass  mechanism.  The  BKS  results  were  consistent  with  an  Orowan 
stress  given  by 

^/To  =  (A/2  )  .  (  In  X  +  B)  (3) 

where  A  is  a  constant  equal  to  1  for  edge  and  l/(l-u)  for 
screw  dislocations  ( v  is  Poisson's  ratio),  X  is  the  harmonic  mean 
of  L  and  D  (i.e.  1/X  =  1/L  +  1/D),  B  is  an  empirical  constant  of 
order  unity  and  T,,  is  given  by  (2)  .  The  physical  interpretation  of 
(3)  is  that  for  large  obstacle  separations,  the  logarithmic  term 
is  dominated  by  the  obstacle  size,  reflecting  the  importance  of  the 
dipole  interaction  between  the  dislocation  arms  on  either  side  of 
the  obstacle.  This  will  be  termed  the  obstacle  dipole  regime. 
Conversely,  for  closely  spaced  large  obstacles,  it  is  the  inter¬ 
action  of  the  dislocation  arms  between  obstacles  (e.g.  X,  X'  '  in 
fig.  1)  which  governs  the  Orowan  stress.  This  will  be  called  the 
loop  dipole  regime. 

We  have  taken  the  self-stress  theory  one  step  further  by 

treating  coherent  spherical  precipitates  with  a  lattice  constant 
incommensurate  with  that  of  the  matrix.  For  a  fractional  mismatch 
of  £  ,  the  shear  stress  field  due  to  each  obstacle  interacting  with 
an  edge  dislocation  is 
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referred  to  the  axes  defined  in  fig.  2.  We  have  considered 
the  effect  of  a  range  of  misfit  values  from  0.001  to  0.050,  for 
several  sets  of  obstacle  size  and  separation,  on  the  passing  stress 
required  for  dislocations  of  initial  edge  character.  The  term 
'passing*  stress  rather  than  Orowan  stress  is  used  because  for 
small  values  of  £,  bypass  takes  place  by  intersection  rather  than 
looping. 

Typical  examples  of  the  intersection  and  looping  processes 
are  illustrated  in  figs.  3(a)  and  (b)  .  In  both  cases  the  dis¬ 
location  is  moving  from  bottom  to  top  of  the  diagrams,  through  a 
periodic  array  of  obstacles  with  diameter  D=300b  and  separation 
L=400b;  horizontal  and  vertical  coordinates  are  given  in  units  of 
b.  Successive  equilibrium  positions  of  the  dislocation  as  the 
stress  is  increased  in  steps  to  the  bypass  stress  are  shown.  In 
fig.  3(a)  the  obstacle-matrix  mismatch  is  £=0.001  and  bypass  occurs 
by  intersection.  A  larger  mismatch  of  €=0.003  in  fig.  3(b)  forces 
the  dislocation  to  pass  the  obstacle  array  by  looping,  leaving 
behind  a  loop  inside  the  obstacle  (A  in  fig.  3(a)).  The  passed 
dislocation  is  still  present  in  the  field  of  the  diagram  in  fig. 
3(b);  this  dislocation  is  not  in  equilibrium,  but  is  straightening 
out  as  it  moves  away  from  the  obstacles.  The  bypass  stress  in  fig. 
3(b)  is  O.STTo,  twice  that  in  fig.  3(a);  this  can  be  seen  from  the 
greater  curvature  of  the  dislocations  irt  fig.  3(b). 
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3 . 1  The  Passing  Stress 

Consider  first  the  variation  of  the  passing  stress  with 
misfit.  In  all  cases  bypass  occurs  by  intersection  for  very  low 
values  of  the  misfit  parameter,  and  in  this  regime  the  gradient  of 
the  stress/misfit  curve  is  high.  For  higher  misfits,  three  dif¬ 
ferent  types  of  behavior  have  been  observed,  and  are  shown  in  fig- 
4,  illustrated  for  three  different  combinations  of  obstacle  sizes 
and  separation.  Note  that  the  origins  of  the  vertical  (stress)  axes 
in  fig.  4  have  been  offset  to  separate  the  graphs.  Data  points  in 
the  intersection  and  Orowan  regimes  are  denoted  by  crosses  and 
periods,  respectively. 

(a)  In  most  cases,  the  passing  stress  increases  only  slightly  once 
the  bypass  mechanism  changes  from  intersection  to  Orowan  looping. 
This  is  illustrated  in  the  curve  marked  (a)  in  fig.  4,  and  is  the 
expected  behavior.  Once  the  Orowan  mechanism  becomes  dominant, 
further  increase  in  the  misfit  cannot  lead  to  increased  strength 
in  the  line  tension  or  BKS  models.  For  coherent  obstacles,  second- 
order  effects  can  occur  because  the  coherency  stress  (3)  has  a 
finite  range  which  increases  with  increase  in  misfit. 

(b)  When  the  obstacles  are  very  small,  the  Orowan  mechanism  is 
suppressed  even  for  large  misfit  parameters.  This  is  because  the 
high  curvature  of  the  dislocation  when  wrapped  around  a  small 
obstacle  generates  a  large  forward  stress  which  aids  intersection. 


The  resulting  stress-misfit  curve  ((b)  in  fig.  4)  shows  a  decrease 
in  the  gradient  at  the  misfit  level  corresponding  to  the  onset  of 
the  wrap-intersection  mechanism,  but  increased  misfit  leads  to 
further  hardening.  The  continued  hardening  occurs  because  increase 
in  misfit  enhances  the  obstacle  stress  field  (3),  requiring  a 
larger  applied  stress  to  wrap  the  dislocation  to  the  required 
curvature. 

(c)  For  closely  spaced  obstacles,  the  same  transition  from  inter¬ 
section  to  Orowan  bypass  takes  place,  but  increased  misfit  produces 
further,  pronounced  hardening.  This  is  shown  in  curve  (c)  in  fig. 
4.  This  type  of  behavior  is  observed  when  the  obstacle  spacing  is 
sufficiently  close  for  the  stress  fields  (3)  from  adjacent  obstac¬ 
les  to  overlap  and  produce  a  retarding  stress  independent  of  the 
bypass  mechanism. 

It  is  clear  from  this  discussion  that  the  impenetrable 
obstacle  treatments,  which  would  predict  a  single  passing  stress 
for  each  obstacle  size/separation  ratio,  present  only  a  simplified 
picture  of  the  problem.  In  limiting  examples,  our  calculated 
passing  stresses  agree  with  the  BKS  values.  For  most  cases, 
however,  the  strength  of  the  coherent  obstacle  array  is  found  to 
be  lower  than  predicted  by  the  BKS  treatment,  even  in  the  Orowan 
regime.  The  physical  reason  for  this  is  quite  clear.  The  obstacle 
stress  (4)  causes  an  additional  attractive  force  on  the  dislocation 
arms  X,  X'  (fig.  2)  once  the  bowed-out  loops  move  past  the  central 
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(y  =  0)  point.  Therefore  the  coherent  obstacles  are  weaker  in  the 
obstacle  dipole  regime.  In  the  loop  dipole  regime,  for  large, 
closely-spaced  obstacles,  the  overlap  mechanism  (c)  above  operates 
to  increase  the  passing  stress  to  a  lev'el  well  above  the  BKS 
values. 

The  BKS  expression  (3)  for  the  Orowan  stress  does  not  allow 
for  different  obstacle  strengths  and  therefore  is  not  expected  to 
fit  our  calculated  Orowan  stresses,  which  vary  substantially  with 
the  mismatch  parameter.  However,  it  can  be  seen  from  fig.  3(b)  that 
just  before  Orowan  looping  occurs,  the  part  of  the  dislocation 
which  is  curved  around  the  particle  forms  a  roughly  circular  arc 
with  a  radius  given  by  the  closest  distance  of  approach,  (see 
fig.  2)  .  This  suggests  that  it  may  be  possible  to  define  an 
"equivalent  impenetrable"  obstacle  array  consisting  of  obstacles 
with  diameter  D*  =  2Yc,  separated  by  distances  L*  =  L  -  2Yj.  With 
these  substitutions  (3)  becomes 

(T/Xo  =  L/L  •  (A/2  )  .  (  In  X*  +  B)  (5) 

where  X*  is  the  harmonic  mean  of  D*  and  L*.  Fig.  5  shows  our 
calculated  Orowan  stresses  plotted  against  (L/L*)ln  x";  the  range 
of  values  obtained  by  BKS  is  indicated  by  the  line  marked  'BKS'. 
The  second  straight  line  in  fig.  5  is  a  line  with  slope  1/2  drawn 
so  as  to  pass  through  the  more  densely  populated  region  of  data 
points.  Although  there  are  deviations,  (5)  approximates  the 
behaviour  quite  well.  The  systematic  deviations  in  fig.  5  for  large 


11 


values  of  (L/l').!!!  X*  correspond  to  very  small  values  of  L*  ,  of 
order  10%;  for  these  extreme  cases  (5)  is  not  expected  to  give  an 
accurate  representation. 

3 . 2  The  Flow  Stress 

In  a  real  system,  the  arrangement  of  the  dispersoids  will  in 
most  cases  be  random,  and  in  this  event  the  breaking  angle  Qf  and 
the  maximum  bowout  Y„  exert  an  influence  on  the  flow  stress  of  the 
material.  For  example,  consider  fig.  6,  which  shows  a  schematic 
diagram  of  a  dislocation  bowed  between  obstacles  A,  A'  ,  super¬ 
imposed  on  a  "random"  dispersion  of  obstacles.  The  semicircular  arc 
between  A  and  A'  shows  the  critical  configuration  in  the  line 
tension  approximation.  Clearly  the  dislocation  cannot  achieve  this 
configuration  without  contacting  other  obstacles,  thereby  decreas¬ 
ing  the  effective  spacing  between  obstacles.  The  effective  strength 
of  the  dispersal  will  be  determined  by  the  maximum  obstacle 
separation  for  which  a  semi-circular  arc  can  be  described  without 
contacting  other  obstacles.  Obviously,  if  the  breaking  angle  0  is 
greater  than  zero,  or  if  the  shape  of  the  loop  becomes  non-circular 
with  a  smaller  maximum  bowout  Y„  (the  dashed  loop  in  fig.  6)  ,  the 
critical  obstacle  separation  will  be  larger,  leading  to  a  lower 
strength.  The  BKS  treatment  indicates  that  for  impenetrable 
obstacles  the  breaking  angle  remains  close  to  zero,  but  the  bowout 
ratio  Y^L  can  differ  from  the  line-tension  value  of  0.5.  Specifi¬ 
cally,  BKS  find  that  the  bowout  ratio  varies  principally  with  the 
ratio  L/D,  with  a  maximum  of  1.25  for  L/D  =  3,  dropping  steadily 
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to  a  value  of  0.3  for  L/D  =24. 

For  coherent  obstacles,  we  find  that  the  breaking  angle  is 
never  lower  than  60°,  varying  from  this  value  to  90°  in  the  Orowan 
regime,  and  approaches  180°  in  the  intersection  regime.  We  also 
find  that  the  bowout  ratio  reaches  a  value  only  of  0.85  at  L/D  = 

3,  dropping  much  more  sharply  than  BKS  before  levelling  out  at  a 
similar  value  for  L/D  =  24.  Both  of  these  dependences  indicate  a 
lower  strength  for  coherent  obstacle  dispersals  than  predicted  by 
the  line  tension  model  or  the  BKS  treatment. 

4 .  Summary 

We  have  modelled  the  motion  of  edge  dislocations  through  a 

periodic  array  of  sperical,  coherent  precipitates.  Bypass  was  found 

to  occur  by  intersection  for  small  precipitate-matrix  misfit 

\ 

values.  For  larger  misfits  Orowan  looping  acted  as  the  bypass 
mechanism,  except  for  small  precipitates,  which  continued  to  fail 
by  intersection,  because  of  the  high  curvature  of  the  dislocation 
segments  close  to  the  particles. 

We  have  calculated  the  passing  stresses  and  compared  these 
with  analogous  values  (BKS)  for  impenetrable  obstacles.  Our  results 
are  generally  substantially  lower,  but  for  close  precipitates  can 
be  several  times  larger,  because  of  the  back  stress  from  overlap¬ 
ping  precipitate  stress  fields.  Our  results  can  be  fitted  to  the 
same  functional  dependence  found  by  BKS  for  the  Orowan  stress  on 
the  diameter  and  separation  of  the  particles,  provided  that  we  use 
an  "effective”  particle  radius  equal  to  the  closest  distance  of 
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approach  of  the  dislocation  to  the  center  of  the  precipitate. 

We  also  find  that  the  critical  bypass  parameters,  the  breaking 
angle  and  the  maximum  extent  of  dislocation  bowout,  are  different 
from  those  found  for  impenetrable  obstacles.  For  coherent 
precipitates,  the  breaking  angle  is  larger  and  the  maximum  bow-out 
smaller,  both  of  which  would  suggest  a  lower  strength  for  a  random 
obstacle  distribution. 

5 .  Future  Directions 

We  have  considered  only  the  micromechanics  of  one  possible 
source  of  dispersion  hardening.  The  computer  program  can  be  used 
with  only  minor  modifications  to  examine  the  other  sources  of 
hardening  outlined  in  the  introduction.  A  program  must  be  developed 
to  treat  the  statistics  of  dislocation  motion  through  random 
dispersals  of  obstacles,  using  the  critical  parameters  developed 
from  the  microscopic  models. 

So  far  we  have  made  use  only  of  the  end-result  static 
predictions  of  our  model.  The  dynamical  behavior,  which  is  physi¬ 
cally  realistic,  can  be  used  to  generate  movies  or  videotapes  of 
the  bypass  processes,  for  comparison  with  in-situ  electron  micro¬ 
scope  observations  and  for  educational  purposes. 
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ABSTRACT 


Crack  growth  in  MA  6000  under  cyclic  load  was  studied  at 
24,  760,  and  1000“C  and  under  static  load  at  iOOO^C  in  two 

material  orientations.  Correlations  of  fatigue  crack  growth 
rate  with  parameters  AK  and  AJ  were  examined.  Also  comparisons 

were  made  of  experimental  and  predicted  growth  rates. 

The  rate  of  growth  was  influenced  by  temperature  and 
orientation  in  addition  to  the  loading  mode.  Fatigue  crack 
growth  rate  generally  increased  with  temperature.  However  in 
the  L-T  orientation  at  lOOO^C  secondary  cracks  developed 
perpendicular  to  the  primary  crack  and  significantly  altered 
its  behavior.  Creep  crack  growth  at  1000°C  was  strongly 
orientation  dependent,  mainly  due  to  secondary  cracking  in  the 
L-T  oriented  specimen  in  the  direction  perpendicular  to  the 
main  crack. 

Fracture  surfaces  were  examined  by  scanning  electron 
microscopy.  Also  comparisons  were  made  between  crack  growth 
behavior  of  MA  6000,  MA  754,  and  MA  956. 
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FATIGUE  AUD  CREEP  CRACK  GROWTH  BEHAVIOR 
OF  INCONEL  MA  6000 


INTRODUCTION 

Oxide  dispersion  strengthened  (ODS)  superalloys  prepared 
by  mechanical  alloying  have  gained  interest  for  higher 
temperature  applications  in  gas  turbine  engine  applications. 
Their  capability  to  retain  strength  to  higher  temperatures  than 
conventional  superalloys  would  permit  higher  turbine  operating 
temperatures  and  in  turn  improved  efficiency  and  performance. 

The  Inconel  MA  6000  alloy  has  a  microstructure  with  gamma 
prime  for  intermediate  temperature  strength  as  well  as  fine 
yttrium-aluminum  oxide  dispersoids  for  high  temperature 
strength.  As  a  result  of  the  processing,  coarse  oxides  are 
aligned  into  stringers  and  the  grains  are  highly  elongated, 
thus  producing  anisotropic  mechanical  properties.  Creep  and 
fatigue  properties  of  the  alloy  have  been  studied  in  detail  (1- 
8)  and  shown  to  have  superior  long  term  strength  at  high 
temperatures  compared  to  conventional  superalloys.  Crack 
propagation  in  the  alloy  has  been  investigated  (6-8)  to  a 
limited  extent  in  fatigue  and  the  propagation  rate  shown  to  be 
dependent  on  temperature  and  frequency. 

The  present  study  examined  the  characteristics  of  crack 
growth  in  Inconel  MA  6000  under  cyclic  and  static  loads  at 


3 


several  temperatures  and  orientations.  Salient  aspects  of  the 
behavior  are  compared  to  those  of  previously  studied  (9,10)  ODS 
alloys  iron-base  MA  956  and  nickel-base  MA  754. 

EXPERIMENTAL  PROCEDURE 


The  Inconel  alloy  MA  6000  employed  in  this  study  was 
received  as  an  extruded  plus  hot  rolled  bar,  18-mm  thick  by  50- 
mm  wide,  having  the  following  chemical  composition  in  weight 
percent;  0.051  C,  1.04  Fe,  14.78  Cr,  2.30  Ti,  4.17  Al,  0.13 
Zr,  2.06  Mo,  0.002  S,  1.95  Ta,  3.98  W,  0.53  O,  0.1  N,  90  ppm  B 
and  balance  Ni.  The  material  which  has  a  grain  aspect  ratio  of 
approximately  10  was  given  the  following  heat  treatment  by  the 
vendor;  123C'’C  for  1/2  hr,  air  cool  plus  954®C  for  2  hr,  air 
cool  plus  845°C  for  24  hr,  air  cool.  The  alloy  is  strengthened 
by  both  gamma  prime  precipitation  and  oxide  dispersion. 

Compact  tension  specimens  of  nominal  3/4  T  dimen.sions 
e:-:cept  for  7.6  mm  tliickness  and  0.38  mm  deep  side  grooves  were 
prepared  with  the  notch  either  parallel  (T-L  orientation)  or 
normal  (L-T)  to  the  rolling  direction.  These  were  pre-cracked 
in  fatigue  at  room  temperature  at  relatively  low  loads  prior  to 
creep  testing  in  dead  weight  machines  or  fatigue  testing  in 
electrohydraulic  MTS  machines.  Static  load  tests  were 
conducted  at  constant  load  using  resistance  heated  furnaces  and 
cyclic  tests  were  conducted  in  the  load  control  mode  with  a 
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triangular  waveform  c^cle  at  a  frequency  of  0.17  Hz  and  P  of 
0.05  employing  induction  heating. 

Fatigue  tests  were  performed  at  24,  760,  and  1000°C  in  ai: 
and  static  load  tests  were  performed  only  at  lOOO'^C.  A  cyclic 
test  with  a  l-min  hold  at  maximum  load  was  also  run  as  were 
several  static  load  tests  in  vacuum  of  IxlO'^  torr  or  better. 

To  determine  crack  growth  rates  the  crack  length  was  measured 
optically  at  frequent  intervals  and  from  plots  of  crack  length 
versus  number  of  cycles  or  time,  the  slope  (or  growth  rate)  was 
measured.  Stress  intensity  f.actor  K  was  calculated  from 
standard  expressions  given  previously  (9) . 

In  several  fatigue  ’rests,  displacement  across  the  notch  mcvb' ti 
was  measured  using  .a  st  r.ain  u.ace  e.xtensomet e r  with  quartz 
contact  rods,  and  1  c-a’I-'i i  sp  1  .^cemt-nt  loops  recorded 

f.  e  r  :  .’d  i  :  a  1 1  y  at  soi.^.:r.5i  cr.i-'k  lonirno.  Tfiese  iat  a  were  u;o-  : 
to  determine  tlie  no-n-Iinear  par-ameter  ,1-intearai  by  a  pr'-o-- i'l : 
;-‘veioped  previ.usly  (i;)  ;  :  :  ii  o  on r -d  1 -^d  fati'iut.  ;• 

invol’v’es  mea.ouiir.o  'he  ate.a  unoi'-:;  'he  rising  p.ai’  c-f  tieo  !  si- 
displacement  loop;  iiaii  minimum  ^  maximum  Ic-ad,  and  o.a  1  'u  .1  at  i  n  : 
.Aj  from  the  Me  r  k  le  -  ' '  r  t  ►^n  ej-i.iticn  (I.')  . 


=  2  (Oa  .e  '  1  iSm I  ,•  Bl- 


(  1  ) 


where  A  is  the  area,  the  sfiecimen  thickness,  b  tlie  length  of 

'ip.eri'de  ;  liganveX  ,  -  ’.he  r  e  p,-  ;  ,  i  i,  mi  ft;-,  r  ii...  i;  -j  i  .  -ernen’ 
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along  the  load  line  at  maximum  load.  The  constants  a^  and  a2 
are  functions  of  a/W  and  are  given  in  graphical  form  in 
reference  12.  It  was  shown  previously  (11)  that  values  of  AJ 

obtained  by  tJiis  estimation  procedure  are  close  to  those 
determined  by  a  more  accurate  but  lengthy  data  reduction 
procedure.  Comparison  of  fatigue  crack  growth  rate 
correlations  with  AK  and  AJ  are  made  to  see  which  parameter  is 

more  suitable  for  predictive  equations, 

Hystersis  energy  was  also  determined  from  the  load- 
displacement  loops  for  different  crack  lengths  and  then  was 
used  to  calculate  rate  of  crack  growth  according  to  one  of  the 
models  in  the  literature  based  on  critical  damage  accumulation 
ahead  of  the  crack  tip.  Pr^^vious  analysis  of  MA  956  dat -5  (9) 

showed  that  this  model  gave  better  agreement  with  experi.mental 
data  t.han  several  models  based  on  the  plastic  blunting  pr:'cesj. 
It  one  assumes  that  most  of  the  energy  is  util  iced  in  trie  :.';a  ' 
growth  process,  the  energy  required  f'Or  a  unit  increm.ent  in 
crack  length,  U,  can  be  calculated  fto>m  the  .area  or  the  i:op  .\.h 

as 

Aa 

where  da  represents  the  crack  increment  of  growth  during  the 
cycle  and  B  the  t.hickness.  An  expression  developed  by  Weertman 
(11)  f  r  t  O  i  guT'  .'ru'  k  urowth  rit-.‘. 
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(3) 


where  Le  the  efheetive  surface  ener-jy  fi^r  crack  rr.wth,  |.i  t;,--- 
shear  modulus,  and  a  the  cyclic  yield  stress,  was  used  to 
predict  rates  from  our  data. 

Fractographic  and  metal lographic  examinations  also  were 
made  to  ascertain  the  nature  of  cracking  and  its  impact  on  rate 
of  crack  growth. 

RESULTS  AND  DISCUSSION 
Fatigue  Crack  Growth 

Crack  growth  behavior  in  fatigue  was  affected  by 
temperature,  hold  time,  environment  and  particularly  materi.'il 
orientation  with  respect  to  applied  stress.  The  rate  'f  crick 
growth  generally  increased  with  rise  in  temperature  for  both 
the  L-T  and  T-L  orientations.  Fig.  1,  being  particularly 
pronounced  for  the  latter  where  the  increase  is  about  a  factor 
of  50  in  going  from  760  to  lOOG^C.  An  exception  to  the  trend 
is  the  L-T  orientation  at  ICOO^C  where  at  high  Ak  values  the 

growth  rates  decreased  to  values  below  those  for  the  lower 
temperatures.  This  effect  is  attributed  to  secondary  cracking 
in  the  direction  normal  to  that  of  the  main  crack,  a  tendency 
which  increases  with  rise  in  temperature  because  of  an  increase 


in  the  creep  contribution.  In  a  comparison  of  the  two 
orientations  it  may  be  seen  that  crack  growth  is  faster  in  the 
T-L  than  L-T  orientation  at  both  760°  and  1000°C,  the 
difference  being  particularly  large  at  1000°C. 

Examination  of  the  elastic-plastic  parameter  AJ  for 

suitability  in  correlation  of  high  temperature  fatigue  crack 
growth  may  be  done  by  comparison  with  the  AK  parameter.  Growth 
rates  were  plotted  versus  the  parameter  VAJ*E,  where  E  is 
Young's  Modulus,  as  well  as  versus  AK,  Figs.  2-4.  Because  of 
the  lack  of  data  for  MA  6000  the  E  values  used,  160  GPa  for 
760°C  and  143  GPa  for  1000°C,  were  taken  from  reference  14  and 
are  actually  data  for  an  alloy  of  similar  composition,  MAR-M 
421.  For  both  orientations  at  760°C,  Figs.  2  and  3,  the  value 
of  the  parameter  VAj*E  is  clearly  less  than  the  AK  value  lor  a 

given  crack  growth  rate.  Since  the  E  values  are  not  accurate 
and  represent  only  estimates,  they  could  account  f-ru-  much  :  t 
the  observed  difference  between  the  two  parameters.  For 
e.xample,  use  of  the  room-temperature  modulus  gives  very  close 
agreement  between  the  two  parameters.  On  the  other  hand  it  one 
presumes  the  difference  is  real  then  it  would  inaicate  that 
significant  plasticity  is  involved  in  the  crack  growth  process 
beyond  that  accountable  by  the  AK  parameter.  It  should  be 

noted  that  for  MA  754  where  measured  E  values  were  used  (10) 
agreement  between  the  two  parameters  was  reasonably  good. 


K 


The  correspondence  between  VAj^E  and  AK  for  MA  6000  at 
1000°C  is  similar  to  that  at  760°C,  that  is  lower  values  for 


VAJ*E  for  a  given  crack  growth  rate  in  both  orientations. 
■However,  the  trends  of  the  curves  for  the  two  parameters  are 
similar.  Comments  made  regarding  the  observed  differences  in 
parameters  at  760°C  are  equally  applicable  to  the  lOOO'^C  data. 

Fatigue  crack  growth  rates  predicted  by  equation  3  are 
also  presented  in  Figs.  3-5.  Calculations  were  made  using  for 
760°C  a  |J.  value  of  59  GPa,  obtained  by  taking  0.37  of  Young's 
Modulus,  and  a  values  of  734  MPa  and  709  MPa  for  the  L-T  and  T- 
L  orientations,  respectively  (14).  Static  yield  stress  values 
were  em.pioyed  because  of  the  unavailability  of  cyclic  yield 
stresses.  For  1000°C  a  |1  of  53  GPa  and  a  a  of  320  MPa  were 

used  in  the  calculation.  The  predicted  and  experimental  crack 
growth  rate  curves  are  quite  close  for  the  L-T  orientation  at 
760^C  and  while  for  the  T-L  orientation  the  data  fall  in 
different  ranges  with  only  a  small  overlap  the  agree.merit 
appears  to  be  fair.  At  1000°C  the  agreement  between  the 
predicted  and  experimental  curves  is  also  reasonably  good 
except  at  high  crack  growth  rates  where  ttie  experimental  growth 
rate  decelerates  rapidly.  As  mentioned  earlier  this 
decelerating  growth  effect  is  most  likely  related  to  the 
development  of  secondary  cracks  in  a  direction  normal  to  that 
of  the  main  crack.  These  cracks  alter  the  stress  field  at  the 
tip  of  the  primary  crack  and  retard  the  advancement  of  the 
crack.  This  effe;t  ...  t  course  is  n  Jt  'akin  into  .i.'ca.n'  ’  x.  •h" 
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predicted  growth  rates.  Thus  the  relationship  in  equation  3 
based  on  an  energy  balance  model  gives  fatigue  crack  growth 
rates  reasonably  close  to  experimental  values  provided 
s  igii  i  E  icaiit  secondary  cracking  does  not  cake  place. 

Imposing  a  1-min  hold  at  the  peak  load  of  the  cycle 
altered  crack  growth  behavior  in  the  L-T  orientation,  Fig.  3. 
Whereas  rate  of  crack  growth  increased  continuously  under 
cyclic  loading  without  a  hold  period,  application  of  a  1-min 
hold  caused  a  continuous  decrease  in  rate  after  an  initial  high 
rate  at  the  start.  In  this  anisotropic  material  the  cause  of 
the  decrease  most  likely  is  the  development  of  secondary  cracks 
normal  to  the  main  crack  more  readily  under  periods  of  static 
load.  Creep  promotes  void  and  microcrack  formation  alona  the 
perpendicular  grain  boundaries  and  particle  stringers  and  *:.hc-;.r 
effect  on  the  main  crack  stress  field  becomes  significant 
before  the  crack  advances  very  far.  .is  a  conse-.'juence  the 
growth  rate  decelerates.  This  suggests  t.hat  similar  beh.=iv  i, r. 
may  occur  in  a  static  load  (creep)  test. 

A  comparison  of  fatigue  crack  growth  behavior  of  MA  6000 
with  those  of  MA  754  (10)  and  MA  956  (9)  is  made  in  Figs.  6-8. 

At  24°C  in  the  L-T  orientation  the  growth  rate  is  highest  for 
MA  tOOO  and  in  decreasing  order,  MA  754  and  MA  956.  However  at 
760°C  the  growth  rates  in  the  L-T  orientation  are  about  the 
same  for  MA  6000  and  MA  754,  Fig.  7.  In  the  T-L  orientation  at 
th:3  temper  If ure  the  growth  rates  ar“  clearly  lower  in  MA  6000 
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than  in  MA  754.  At  1000°C  in  the  L-T  orientation  a  reversal  in 
the  order  from  that  at  24°C  is  observed  with  highest  rates  in 
MA  956  and  the  lowest  in  MA  6000,  Fig.  8.  Because  the  ranges 
of  growth  rates  measured  in  MA  6000  and  MA  754  in  the  T-L 
orientation  are  different  and  do  not  overlap  a  good  comparison 
is  difficult  but  it  would  appear  that  any  difference  would  not 
be  large.  However  the  rates  in  these  two  alloys  are  lower  than 
those  in  MA  956  in  the  T-L  orientation.  Thus  the  resistance  to 
fatigue  crack  growth  of  MA  6000  at  1000°C  is  better  than  that 
of  MA  754  and  MA  956  in  the  L-T  orientation  and  appears  to  be 
as  good  as  or  better  in  the  T-L  orientation. 

Fatigue  fracture  at  24°C  in  the  L-T  orientation  was  mainly 
smooth  transgranular  with  sharp  perpendicular  shear  surfaces 
connecting  adjacent  smooth  fracture  planes,  Fig.  9.  The 
perpendicular  fractures  are  probably  along  planes  of  o:-;ide 
particle  concentration.  The  zig-r.ag  profile  of  the 
perpendicular  surfaces  conforms  to  that  observed  in  T-L 
orientation  fracture  surfaces.  Figure  10  shows  that  the 
fatigue  fracture  in  the  L-T  orientation  at  lOOO'C,  a  wavy 
fracture  surface  with  zig-zag  profiled  perpendicular  c^acks  and 
surfaces.  The  main  fracture  surface  is  less  smooth  at  ' 
than  at  24°C.  In  the  T-L  orientation  at  1000°C  the  fracture 
surface  exhibits  furrows  running  in  the  crack  growth  direction, 
Fig.  11a.  As  the  crack  advances,  secondary  cracks  develop 
along  the  furrows  and  tearing  occurs  in  the  normal  direction  to 
^onnec-  cracks  cc  la'allel  planes,  rig.  111..  The.s--  :  u  n  r  ^wed 
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surfaces  reflect  the  anisotropic  nature  of  the  microstructure 
and  probably  occur  along  particle  stringers  developed  during 
processing  of  the  material. 


Creep  Crack  Growth 

In  the  analysis  of  creep  crack  growth  the  growth  rates  are 
compared  on  the  basis  of  the  stress  intensity  factor  even 
though  it  is  recognized  that  a  unique  relationship  might  not 
e.xist .  While  the  parameter  C*  would  probably  be  better  for 
correlation  of  creep  crack  growth  rates,  the  factor  K  should  be 
suitable  for  comparisons  to  identify  effects  of  orientation  and 
temperature . 

Crack  growth  in  the  L-T  orientation  at  1000‘^C  was  not 
normal  in  that  the  rate  of  growth  di^i  not  increase  as  the  -rack 
lengthened  but  actually  decreased.  Fig.  12.  The  hehavior  wa.s 
similar  to  that  observed  in  the  1-min  held  cyclic  test. 
Perpendicular  secondary  cracks  developed  rather  early  because 
of  the  nature  of  the  material  and  retarded  the  growth  of  the 
primary  crack.  So  predominant  was  the  effect  that  the  failure 
break  occurred  on  the  perpendicular  plane.  Figure  13  is  a 
photograph  of  the  surface  of  a  side  grooved  L-T  oriented 
specimen  and  shows  many  large  cracks  normal  to  the  direction  of 


I  2 


the  main  crack. 


In  the  T-L  orientation,  crack  growth  rate  increased 

A 

normally  with  increase  in  crack  length,  Fig.  14.  Compared  to 
cyclic  growth  rates  plotted  on  a  time  basis  the  creep  crack 
growt.h  appear  ♦'.o  be  lower  although  the  influence  of  the 

vacuum  environment  was  not  determined. 

A  comparison  of  creep  crack  growth  rate  in  MA  6000  at 

1000°C  with  that  in  MA  754,  Fig.  15,  shows  much  lower  rates  in  j 

I 

MA  6000  in  both  L-T  and  T-L  orientations.  Although  not  shown 
these  crack  growth  rates  are  significantly  lower  than  those  in 
MA  956  (9) .  Thus  the  superior  resistance  to  crack  growth  under 
static  load  of  MA  6000  corresponds  to  its  higher  creep 
resistance  at  1000°C. 

i 

SUMMARY  AND  CONCLUSIONS 

I 

Crack  growth  behavior  in  Inconel  MA  600*)  was  influeiice  i  iv 
temperature,  loading  mode,  and  material-crack  c r  ien^^. at  ion  ,  Tlo?  ^ 

material  was  clearly  anisotropic  with  respect  to  crack  growth. 

Fatigue  crack  growth  rates  generally  increased  with 
temperature  to  1000°C  for  both  L-T  and  T-L  orientations.  Crack 
growth  was  faster  in  the  T-L  than  the  L-T  orientation.  The 
growth  rates  predicted  by  a  relationship  based  on  cumulative 
damage  agree  reasonably  well  with  experimental  rates.  An 
exception  to  the  behavior  occurred  in  the  L-T  orientation  at 
1000°C  c  t  higli  A?',  ar.l  crack  growth  rates  where  *;  he  in  ■re.'iS'^  vn 
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growth  rate  began  to  decelerate.  As  a  result  the  growth  rate 
became  lower  than  that  at  lower  temperatures  and  also  differed 
markedly  from  predicted  values.  This  variation  is  attributed 
to  secondary  cracks  developing  in  the  direction  normal  to  the 
main  crack,  thus  altering  the  stress  field  at  the  tip  of  the 
main  crack  and  retarding  crack  growth.  The  propensity  for  the 
effect  increases  as  the  creep  contribution  increases,  for 
example,  with  the  imposition  of  hold  time. 

Correlations  of  fatigue  crack  growth  rates  with  parameters 
Ak  and  ’JAJ^E  indicate  significant  plasticity  takes  place  and  AK 

might  not  be  an  appropriate  parameter  under  these  test 
conditions,  although  this  is  not  certain  because  the  E  values 
used  were  only  estimates. 

The  resistance  to  fatigue  crack  growth  of  ilA  6000  at 
1000°C  is  better  than  that  of  M^.  75*5  and  .M.^  956  in  the  L-T 
orientation  and  appears  to  be  at  least  as  good  in  the  T-L 
orientation.  At  24°C  the  order  of  resistance  may  be  reversed. 

Crack  growth  under  static  load  was  clearly  different  in 
the  two  orientations  at  1000'’C.  In  the  T-L  orientation,  growth 
rate  increased  normally  as  the  crack  lengthened.  However,  in 
the  L-T  orientation  the  growth  rate  decreased  as  the  crack 
length  increased.  The  rate  reduction  of  the  main  crack  was  due 
to  the  development  of  perpendicular  cracks  along  planes  of 
aligned  coars<='  par^i^le  stringers. 
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The  resistance  to  creep  crack  growth  of  MA  6000  at  lOOO'^C 


is  greater  than  that  of  MA  754  and  MA  956. 
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FIGURE  CAPTIONS 


Fig.  1.  Effect  of  temperature  and  material  orientation  on 
fatigue  crack  growth  rate  in  MA  6000. 

Fig.  2.  Comparison  of  fatigue  crack  growth  rates  in  L-T 

orientation  in  MA  6000  at  760°C  on  the  basis  of  vA^j.e, 
/\K,  and  predictive  formulation. 

Fig.  3.  Comparison  of  fatigue  crack  growth  rates  in  T-L 

orientation  at  760°C  on  the  basis  of  VAJ*E,  AK,  and 
predictive  formulation. 

Fig.  4.  Comparison  of  fatigue  crack  orowth  rates  in  L-T  and  7 - 
L  orientations  at  1000°C  on  the  basis  of  Vaj^,  Ak, 
and  predictive  formulation. 

Fig.  5.  Influence  of  1-min  hold  at  peak  load  on  fatigue  crack 
growth  rate  in  L-T  orientation  at  1000°C. 

Fig.  6.  Comparison  of  fatigue  crack  growth  resistance  of  MA 
6000,  MA  754  ,  and  MA  956  in  L-T  orientation  at  24‘^C. 

Fig.  7.  Comparison  of  fatigue  crack  growth  resistance  of  MA 
6000  and  MA  7  54  in  L-T  and  T-L  o  r  ient  a  t  i '.''n  at  760^i'. 

Fig.  6.  Comparison  of  fatigue  crack  growth  r-'^sistance  '.''f  .M.t 
6000,  MA  754,  and  M.A.  956  it!  L-T  an  .1  T-L  '.''r  lent  at  i :  r.:' 
at  lOOO'-’C. 

Fig.  9.  Fatigue  fracture  surface  ot  MA  6000  in  L-T  c  r  i  ^  rC  a  t  i  . 
at  2  4'’r. 

Fig.  10.  Fatigue  fracture  surface  or  MA  6000  in  L-T  t  r  i  enr  ,  r 
at  1000'’.:. 

Fig.  11.  Fatigue  fracture  ..surface  nf  .M.A  600C  i  r-  T-L.  t  'a---  c 
at  1000'’C  showing  (a)  the  beuinnim  <.'i  crack  at  wrti 
and  (b)  a  more  advancea  stage  of  growth. 

Fig.  12.  Creep  crack  growth  in  MA  6000  in  L-T  orientation  at 

1000°C  and  comparison  with  crack  growth  in  I -min  h;!': 
cyclic  test . 

Fig.  13.  Specimen  surface  of  MA  6000  in  L-T  orientation  at 

1000°C  (vacuum)  under  static  load  showing  main  crack 
and  perpendicular  cracks. 

Fig.  14.  Creep  crack  growth  rates  in  MA  6000  in  T-L  orientation 
at  1000”C  and  comparison  with  fatigue  crack  growth 
rate  on  a  time  basis. 


Fig.  IS. 


Comparison  of  creep  crack  growth  rates  in  HA  6000  and 
MA  754  in  L-T*and  T-L  orientations  at  1000“C. 
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FATIGUE  CRACK  GROWTH  RATE  (mm/cycle) 
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Fig.  1  Effect  of  temper-atjre  and  material  orientati-cn  on 
fatigue  crack  growth  ate  in  MA  6C00. 
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Comparison  of  fatigue  crack  growth  rates  in 
orientation  at  760'’C  on  the  basis  of  Vaj*E, 
oredictive  frtrmnl  ar  5 r*n 
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Fig.  4.  Comparison 
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Fig.  6.  Comviarison  of  f.itigue  cr.ack  growth  resistance  of  MA. 

tOOo,  MA  754,  and  MA  956  in  L-T  orientation  at  24^C 


Fig.  9.  Fatigue  fracture  surface  of  MA  6000  in  L-T  orientation 
at  24°C. 

crack  grovth  » 


Fig.  10.  Fatigue  fracture  surface  of  MA  6000  in  L-T  orientation 
at  IGOO^C. 
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11.  Fatigue  fracture  surface  of  MA  6000  in  T-L  orientation 
at  100n°c  shewing  (a)  the  beginning  of  c  a'k  growth 
and  (b)  a  more  advanced  stage  of  growth. 
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Fig.  14.  Creep  crack  growth  rates  in  MA  6000  in  T-L  orientation 
at  I000°C  and  comparison  with  fatigue  crack  growth 
rate  on  a  time  basis. 
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ABSTRACT 

The  influence  of  temperature,  orientation,  and  environment  on  fatigue 
and  creep  crack  growth  behavior  in  oxide  dispersion  strengthened  MA754  was 
examined.  With  increase  in  temperature  crack  growth  rates  increase  due 
largely  to  an  increasing  creep  contribution.  Environment  also  may  influence 
crack  growth  behavior,  the  effect  depending  on  orientation.  Orientation  has  a 
marked  effect  on  crack  growth  because  of  the  propensity  for  creep  void 
formation  along  particle  stringers  in  the  microstructure,  which  form  in  the 
processing.  Rate  of  crack  growth  can  be  enhanced  if  the  aligned  voids  are 
parallel  to  the  main  crack  or  retarded  if  normal  to  the  direction  of  the  crack. 
In  the  T-L  orientation  crack  growth  is  faster  on  a  time  basis  in  creep  than  in 
fatigue,  the  reverse  of  that  in  the  L-T  orientation. 

Predicted  fatigue  crack  growth  rates  based  on  a  cumulative  damage 
model  agree  with  experimentally  determined  growth  rates. 
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INTRODUCTION 


Because  of  their  higher  temperature  advantage  over  currently  used 
superalloys,  oxide  dispersion  strengthened  alloys  have  received  much  attention 
in  the  pur-suit  of  improved  performance  and  economy  in  advanced  gas  turbine 
engines.  More  recent  efforts  have  been  directed  toward  the  mechanically  alloyed 
materials,  specifically  iron-base  MA-956  and  nickel-base  MA  754*  and  MA  6000*. 

In  particular,  their  tensile,  creep,  and  fatigue  strengths  (1-5),  corrosion 
resistance,  and  microstructural  details  (6,7)  have  been  examined.  These  alloys 
exhibit  a  fine  dispersion  of  yttrium-aluminum  oxide  pai  tides  and,  as  a  result  of 
hot  rolling  or  extrusion,  highly  elongated  grains  which  impart  superior  strength 
at  very  high  temperatures.  The  crystallographic  direction  <100>  is  parallel  to  the 

rolling  direction.  The  dispersoids  inhibit  dislocation  motion  and  the  elongated 
grains  minimize  boundary  sliding.  However,  these  alloys  possess  a  high  degree  of 
texture  and  anisotrophy  of  mechanical  properties. 

While  the  creep  and  fatigue  properties  of  these  alloys  have  been  studied  in 
detail,  their  crack  growth  characteristics,  particularly  in  material  under  static 
load,  have  received  little  attention.  Because  of  the  anisotropic  nature  of  the  alloys 
it  would  be  expected  that  crack  growth  would  be  especially  sensitive  to  orientation 
at  high  temperatures.  Cavitation  in  grain  boundaries  and  intergranular  fracture 
are  known  to  occur  in  creep;  thus  grain  morphology  could  have  a  marked  effect 
on  cracking.  Knowledge  of  crack  growth  behavior  and  rates  under  creep  as  well 
as  fatigue  loads  could  be  used  in  the  application  of  fracture  mechanics  principles 
to  predict  component  failure. 

Fatigue  crack  growth  resistance  of  MA  956  at  1000°C  and  0.17  Hz  has  been 
found  (7)  to  be  essentially  independent  of  grain  orientation;  the  cracking  mode 
was  transgranular.  However,  in  the  high  cycle  fatigue  of  MA  754  at  850*^0  Nazmy 
and  Singer  (8)  observed  slightly  lower  crack  growth  rates  in  the  T-L  orientation 
that  in  the  L-T  orientation.  As  frequency  was  reduced  from  50  to  0.5  Hz  the  crack 
growth  rate  in  T-L  specimens  increased  whereas  in  L-T  specimens  the  rate  was 
unaffected.  The  mode  of  crack  growth  at  50  Hz  was  transgranular  in  both 
orientations.  However,  at  the  lower  frequency  the  cracking  in  the  L-T  specimen 
changed  to  a  mixed  intergranuiar-lransgranular  mode  whereas  in  the  T-L 
specimen  it  remained  transgranular. 

•  Trademark  of  the  INCO  family  of  companies. 
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* 

The  effect  of  orientation  on  crack  growth  rate  could  be  related  to  the  orientation 
dependence  of  the  elastic  modulus.  In  high-cycle  fatigue  of  MA  6000  at  850°C  (9) 
crack  growth  rate  was  much  lower  hi  the  T-L  than  L-T  orientation,  similar  to  that 
observed  in  MA  754.  However,  in  MA  6000  the  lower  rate  was  attributed  to  crack 
branching  along  grain  boundaries  only  in  the  T-L  orientation  even  though 
propagation  was  mainly  transgranular  in  both  orientations. 

In  contrast  to  the  absence  of  an  orientation  effect  on  fatigue  in  MA  956, 
crack  growth  under  static  load  at  lOOO^C  was  clearly  lower  in  the  L-T  direction 
than  in  the  T-L  direction  (10).  This  effect  was  attributed  to  the  more  tortuous 
cracks  path  in  the  L-T  orientation  compared  to  the  T-L  orientation.  It  is 
noteworthy  that  crack  growth  rate  on  a  time  basis  was  higher  under  a  static  load 
than  cyclic  load  in  this  alloy,  indicating  a  significant  creep  contribution. 

The  data  are  not  entirely  consistent  on  the  orientation  dependence  of 
fatigue  crack  growth  but  this  could  be  related  to  differences  in  the  test 
frequencies  employed.  Variation  in  frequency  could  alter  the  relative  fatigue 
and  creep  contributions  and  the  data  indicate  that  effect  of  orientation  on  crack 
growth  in  creep  may  be  different  from  that  in  fatigue.  In  any  case  the  behavior 
appears  to  be  complex. 

In  this  investigation  the  crack  growth  behavior  on  Inconel  MA  754  was 
examined  under  cyclic,  static,  and  combined  loads  in  order  to  provide  more 
information  and  understanding  that  when  used  with  conventional  data  such  as 
creep  and  tensile  strength  would  permit  better  prediction  of  service 
performance.  Characteristics  of  crack  growth  as  influenced  by  temperature, 
environment,  and  material-stress  orientation  were  studied. 

EXPERIMENTAL  DETAILS 

The  mechanically  alloyed  Inconel  MA  754  which  has  a  nominal 
chemical  composition  in  weight  percent  of  78  Ni,  20  Cr.  0.05  C,  0.3  AI,  0.5  Ti, 

1.0  Fe,  and  0.6  Y2O3  was  obtained  from  INCO  in  the  form  of  a  hot  rolled 
solution  treated  26  mm-thick  bar.  Figure  1  illustrates  the  grain  structure 
elongated  in  the  rolled  direction  with  a  grain  aspect  ratio  of  approximately  10 
containing  oxide  dispersoids,  which  provide  stability  of  the  microstructure 
and  strength  at  very  high  temperature. 


4 


Compact  tension  specimens  of  nominal  1/2  T  dimensions  except  for 
7.6  mm  thickness  and  0.38  mm  deep  side  grooves  were  prepared  with  the  notch 
either  parallel  (T-L  orientation)  or  perpendicular  (L-T)  to  the  rolling 
direction.  These  were  precracked  in  fatigue  at  room  temperature  at  relatively 
low  loads  prior  to  creep  testing  in  dead  weight  machines  or  fatigue  testing  in 
electrohydraulic  MTS  machines.  Creep  tests  were  conducted  at  constant  load 
and  fatigue  tests  were  conducted  in  the  load  control  mode  with  a  triangular 
wave  form  cycle  at  a  frequency  of  0.17  Hz  and  R  of  0.05.  and  for  these  tests 
resistance  heated  furnaces  and  induction  heating  were  employed, 
respectively. 

Fatigue  and  creep  tests  in  the  L-T  and  T-L  orientations  were  conducted 
at  24,  760,  and  1000°C  in  air  and  in  vacuum  at  1x10'^  torr  or  better,  but  not  all 
combinations  were  included  .  Several  cyclic  tests  with  a  1-min  hold  at  peak 
stress  were  also  run.  Crack  length  was  measured  optically  at  frequent 
intervals  with  a  traveling  microscope.  Growth  rates  were  then  determined 
from  plots  of  crack  length  versus  numbers  of  cycles  or  time  using  a  slope 
measuring  device.  Stress  intensity  factor  range  (AK)was  calculated  from 
standard  expressions  which  are  given  elsewhere  (7). 

In  several  fatigue  tests,  displacement  across  the  notched^ mouth  was 
measured  using  a  strain  gage  extensometer  with  quartz  contact  rods,  and  load- 
displacement  loops  were  recorded  periodically  at  selected  crack  lengths. 

These  data  were  used  to  determine  the  non-linear  parameter  J-integral  by  a 
procedure  developed  previously  (11)  for  load  controlled  fatigue.  it  involves 
measuring  the  area  under  the  rising  part  of  the  load-displacement  loop  from 
minimum  to  maximum  load,  and  calculating  AJ  from  the  Merkle-Corten 
equation  (12). 

AJ  =  2  (ai  A  +  a2  P  5m)/Bb  ( 1 ) 

where  A  is  the  area,  B  the  specimen  thickness,  b  the  length  of  uncracked 
ligament,  P  the  peak  load,  and  6m  the  displacement  along  the  load  line  at 
maximnm  load.  The  constants  a  I  and  al  are  functions  of  a/W  and  are  given  in 
graphical  form  in  reference  12.  It  was  shown  previously  (11)  that  values  of 
Ai  obtained  by  this  estimation  procedure  are  close  to  those  determined  by  a 
more  accurate  but  lengthy  data  reduction  procedure.  Comparison  of  fatigue 
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crack  growth  rate  correlations  'with  AK  and  AJ  are  made  to  see  which 
parameter  is  more  suitable  for  predictive  equations. 

Hystersis  energy  was  also  determined  from  the  load-displacement  loops 
for  different  crack  lengths  and  then  was  used  to  calculate  rate  of  crack 
growth  according  to  one  of  the  models  in  the  literature  based  on  critical 
damage  accumulation  ahead  of  the  crack  tip.  Previous  analysis  of  MA  956  data 
(7)  showed  that  this  model  gave  better  agreement  with  experimental  data  than 
several  models  based  on  the  plastic  blunting  process.  If  one  assumes  that 
most  of  the  energy  is  utilized  in  the  crack  growth  process,  the  energy 
required  for  a  unit  increment  in  crack  length,  U.  can  be  calculated  from  the 
area  of  the  loop  A  A  as 


U  =  ^  (2) 

Bda 

where  da  represents  the  crack  increment  of  growth  during  the  cycle  and  B 
the  thickness.  An  expression  developed  by  Wcerlman  (13)  for  fatigue  crack 
growth  rate, 

da.  =  AJL^  (3) 

dN  8n^Ho2u 

where  U  is  the  effective  surface  energy  for  crack  growth,  p  the  shear 
modulus,  and  o  the  cyclic  yield  stress,  was  used  to  predict  rates  from  our  data. 

Fractographic  and  metallographic  examinations  also  were  made  to 
ascertain  the  nature  of  cracking  and  its  impact  on  rate  of  crack  growth. 

RESULTS  AND  DISCUSSION 

Fatigue  Crack  Growth 

Crack  growth  was  generally  influenced  by  temperature,  orientation, 
environment,  and  hold  cycle  as  well  as  loading  mode.  In  fatigue,  rate  of  crack 
growth  in  both  orientations  increased  by  at  least  a  factor  of  30  with  increase 
in  temperature  from  24  to  1000®C,  Figures  2  and  3.  Crack  growth  rate  with 
respect  to  orientation  was  not  the  same  for  the  three  temperatures.  An 
influence  of  orientation  was  not  discerned  at  low  growth  rates.  However  at 
intermediate  rates  or  AK,  crack  growth  was  faster  in  the  L-T  than  in  the  T-L 
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orientation  at  24*^C,  slower  in  the  L-T  orientation  at  760°C.  and  not 
significantly  different  between  the  two  orientations  at  1000*^C.  At  high  AK 
crack  growth  was  slower  in  the  L-T  than  T-L  orientation  due  possibly  to  the 
development  of  secondary  cracks  in  the  L-T  oriented  specimen,  as  will  be 
discussed  later. 

Since  the  increases  in  growth  rate  with  temperature  are  much  larger 
that  can  be  accounted  for  by  the  temperature  effect  on  elastic  modulus,  a 
change  of  less  than  a  factor  of  2,  and  thus  on  the  cycle-dependent  fatigue 
process,  they  could  be  related  to  a  large  extent  to  time-dependent  processes, 
either/or  both  creep  and  environmental  effects.  It  is  difficult  to  ascertain 
from  our  data  which  is  largely  responsible  for  the  effect.  Contrary  to 
expectations  for  a  creep  dominated  effect  the  rate  increase  in  going  from  760° 

to  1000°C  was  much  smaller  than  that  in  going  from  24°  to  760°C.  However, 
imposing  a  1-min  hold  at  peak  load  on  the  fatigue  cycle  at  1000°C  in  air.  Figure 
3.  clearly  increased  the  growth  rate  in  the  L-T  orientation  by  about  a  factor  of 
3,  indicating  creep  may  be  making  a  contribution  to  the  growth  rate  increase. 
For  the  T-L  orientation  although  crack  growth  curves  were  not  obtained,  a  1- 
min  hold  caused  failure  in  3  cycles  whereas  without  hold  the  life  was  1260 
cycles,  employing  the  same  initial  stress  intensity.  These  results  indicate  that 
crack  growth  at  1000°C  may  be  at  least  as  sensitive  to  time  as  cycles. 

That  environment  is  important  in  the  crack  growth  process  may  be 
seen  from  a  comparison  of  the  air  and  vacuum  curves  for  the  L-T  orientation 
in  Figures  3  and  4  for  1000°  and  760°C.  respectively.  Whereas  crack  growth 
rale  in  air  exhibits  a  normal  increase  as  the  crack  lengthens,  in  vacuum  the 

growth  rate  after  the  initial  acceleration  decreases  as  the  crack  length 

increases  until  growth  of  the  primary  crack  virtually  ceases.  In  fact,  a 

secondary  crack  normal  to  the  main  crack  may  continue  to  grow  and  cause 
complete  fracture,  as  will  be  illustrated  later.  This  behavior  is  related  to 
orientation.  Secondary  cracks  normal  to  the  main  brack  develop  due 
apparently  to  the  anisotropic  nature  of  the  material  and  alter  the  stress  field 
in  the  crack  tip  region.  Why  this  crack  growth  retardation  behavior  occurs 
in  vacuum  but  not  in  air  is  not  altogether  clear  but  it  could  be  related  to  the 
relative  growth  rates  in  the  two  environments.  Fatigue  crack  growth 
generally  is  faster  in  air  than  in  an  inert  environoaeni.  It  is  possible  that  in 
air  the  main  crack  extends  through  the  material  faster  than  the  secondary 
cracks  develop  which  except  for  surface  cracks  do  so  in  vacuum  essentially. 


la  contrast,  in  the  vacuum  environment  both  the  primary  and  secondary 
cracks  grow  in  vacuum  and  the  secondary  cracks  develop  to  a  sufficient  size 
to  alter  the  stress  field  before  the  primary  crack  extends  past  the  particular 
region.  Creep  damage  ahead  of  the  crack  tip  occurs  predominantly  by 
intergranulair  sliding.  This  facilitates  secondary  cracking  for  the  L-T 
orientation  and  even  more  so  when  growth  of  the  primary  crack  is  retarded 
due  to  the  lack  of  an  aggressive  environment.  One  may  reason  that  in  T-L 
oriented  specimens  crack  growth  retardation  would  not  occur  and  none  was 
observed. 

The  elastic-plastic  parameter  AJ  was  examined  for  adequacy  in 
correlation  of  high  temperature  fatigue  crack  growth  rates  and  compared 
with  the  linear  elastic  parameter  AK.  Growth  rates  were  correlated  in  terms 
of  the  parameter  VaJ  E,  where  E  is  the  elastic  modulus,  as  well  as  in  terms  of 
AK,  Figures  4  and  5.  The  E  values  for  760°  and  1000°C  were  1 10  and  92.5  GPa, 
respectively.  Curves  representing  the  two  parameters  are  reasonably  close 
for  the  760°C  data  and  for  the  1000°C  1-min  hold  data  as  well.  For  the  same 
crack  growth  rate  the  value  for  VaJ  E  is  only  slightly  lower  than  that  for  AK  if 
in  fact  it  differs  at  all.  The  close  agreement  between  the  VaJ-E  and  AK  curves 
for  the  hold-time  test  would  indicate  that  the  microstructural  changes  due  to 
creep  deformation,  such  as  void  formation,  which  cause  the  higher  growth 
rate  compared  to  the  regular  cyclic  test  are  not  reflected  to  any  significant 
extent  in  the  stress-strain  loop  employed  for  the  AJ  calculation. 

Predicted  crack  growth  rates  calculated  by  the  energy  balance  model 
according  to  equation  3  was  examined  for  agreement  with  experimental 
values.  A  detailed  discussion  of  this  approach  is  given  in  reference  14. 
Calculations  were  made  using  for  760°C  a  p  value  of  41  GPa.  obtained  by  taking 
0.37  of  Young's  Modulus,  and  a  o  value  of  276  MPa,  substituting  the  static  yield 
stress  for  the  cyclic  yield  stress,  and  for  1000°C  a  p  of  34  GPa  and  o  of  163  MPa 
(IS).  Curves  for  the  predicted  and  experimental  fatigue  crack  growth  rates  in 
MA  754  at  760°C  are  reasonably  close.  Figure.  4.  The  predicted  values  are 
about  a  factor  of  two  higher  than  the  experimental  data.  However,  for  fatigue 
crack  growth  under  a  1-min  hold  cycle  at  IOOO°C  the  agreement  between 
predicted  and  experimental  data  is  not  as  good,  the  predicted  values  being 
lower  by  as  much  as  one-fourth  of  the  experimental  data.  It  is  of  interest  to 
note  the  predicted  curve  fails  close  to  the  experimental  da/dN  versus  AK  curve 
for  continuous  cycling.  Apparently  all  of  the  energy  in  the  hysteresis  loop 


for  the  hold  time  test  which  includes  the  strain  increase  (creep)  during  the 

hold  period  does  not  contribute  to  crack  growth  in  the  same  way  as  in  a 
regular  fatigue  cycle.  Since  the  energy  and  crack  growth  rate  are  inversely 
related  in  equation  3.  a  higher  energy  would  yield  a  lower  da/dN  while  in  fact 
the  hold  period  increased  crack  growth  rate.  It  appears  that  a  cumulative 
damage  model  predicts  rather  well  fatigue  crack  growth  rate  in  MA  754 
provided  significant  contributions  of  time-dependent  crack  growth  are  not 
present. 

The  fatigue  fracture  surfaces  at  24"C  of  both  orientations  were  similar 
in  appearance,  being  transgranular  with  secondary  cracking.  Figure  6.  At 

high  magnification  the  surface  of  the  T-L  orientation  appears  to  be  smoother 
that  that  of  the  L-T  orientation.  With  increase  in  temperature  to  I000®C  the 
fracture  surface  characteristics  changed  as  seen  from  comparison  of  Figure  7 

with  Figure  6.  While  the  higher  temperature  fracture  is  still  mainly 
transgranular,  for  the  L-T  orientation  the  features  are  less  distinct  and  show 
essentially  no  secondary  cracks.  Fracture  in  the  T-L  orientation  at  1000®C , 
Figure  7b,  was  substantially  different  from  that  at  24°C.  Figure  6b  and  also 
from  that  in  the  L-T  orientation.  Figure  7a.  Fracture  occurred  along  ridges 
and  steps  resembling  furrows.  Figure  7b,  which  became  more  pronounced  as 

AK  increased.  Application  of  a  I -min  bold  produced  more  distinct  furrows. 
Figure  8.  The  room-temperature  fatigue  precrack  surface  consisting  of  a 
somewhat  faceted  transgranular  fracture  is  shown  in  the  left  half  of  Figure  ^ 

in  contrast. 

Specimen  surfaces  of  the  L-T  orientation  showing  cracks  running 
perpendicular  to  the  direction  of  the  main  crack  are  shown  in  Figure  9  for 
fatigue  tests  at  760  and  1 000*^0.  The  process  of  development  of  the 
perpendicular  cracks  may  be  surmised  from  Figure  10.  Cavities  form  along 
the  aligned  particle  stringers,  interconnect  to  form  microcracks,  and  these 

join  other  crack  segments  on  the  same  plane  or  adjacent  parallel  planes  to 
form  large  cracks.  Some  of  these  cracks  may  join  the  main  crack  tip  causing 
a  change  in  growth  direction  or  deceleration  of  growth  leading  to  crack 
retardation,  as  indicated  in  Figures  3  and  4.  Other  cracks  may  intersect  the 
main  crack  well  behind  the  crack  tip  and  their  effect  is  not  apparent.  A  I- 
min  hold  fatigue  specimen  that  failed  along  a  perpendicular  crack  is  shown 
in  Figure  II.  This  behavior  of  course  occurs  with  the  L-T  orientation  only.  In 

the  T-L  orientation  the  formation  of  cavities  and  microcracks  along  the 
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particle  stringers  would  be  expected  to  assist  growth  of  the  main  crack.  This 
is  indicated  by  the  data  for  760‘’C  in  Figure  2  but  not  for  lOGO'^C.  It  is  not  clear 
why  this  should  be  but  it  is  possible  that  if  a  large  number  of  microcracks 
form  on  many  parallel  planes  ahead  of  the  crack  tip  as  may  be  the  case  at 
1000°C  the  stress  field  at  the  crack  tip  may  be  defused  to  the  extent  that  the 
growth  rate  is  not  enhanced  by  the  cavity  and  microcracks  formation.  As 
mentioned  earlier,  Nazmy  and  Singer  (8)  observed  slower  crack  growth  in  the 
T'L  orientation  in  MA  754  at  850®C. 

Creep  Crack  Growth 

In  the  evaluation  of  creep  crack  growth  the  rates  under  static  load  are 
compared  on  the  basis  of  the  stress  intensity  factor  K  even  though  it  is 
recognized  that  a  unique  relationship  might  not  exist.  While  J  or  C*  would  be 
a  better  parameter  for  correlation  of  creep  crack  growth  rates,  the  factor  K 
should  be  sufficient  for  purposes  of  comparison  to  identify  effects  of 
orientation  and  environment. 

Both  orientation  and  environment  had  significant  influence  on  creep 
crack  growth  at  lOOO^C,  Figure  12.  Growth  rates  were  markedly  higher  in  the 
T-L  than  in  the  L-T  orientation  in  vacuum  as  well  as  in  air.  The  effect  was 
much  greater  in  vacuum.  Furthermore  the  data  indicate  the  apparent 
threshold  stress  intensity  for  growth  is  much  lower,  roughly  one-half,  for  the 
T-L  than  the  L-T  orientation,  irrespective  of  environment.  Faster  crack 
growth  in  the  T-L  orientation  could  be  related  to  enhanced  development  of 
creep  voids  on  particles  aligned  parallel  to  the  crack  direction  making  it 
easier  for  growth  to  occur.  For  the  same  reason  the  threshold  for  growth  m 
the  T-L  orientation  could  be  lower. 

With  respect  to  the  environmental  effect,  the  rates  in  the  T-L 
orientation  were  lower  in  air  than  in  vacuum  except  possibly  at  very  low 
rates  where  data  are  not  sufficient  to  discern  an  effect.  In  contrast,  m  the  L  I 
orientation  while  the  rates  at  low  K  values  were  about  equal  in  air  and 
vacuum,  at  some  point  the  growth  rate  of  the  primary  crack  in  vacuum  began 
to  decrease  sharply  rather  than  increase  normally  as  in  air  and  eventually 
the  growth  appeared  to  stop. 

The  crack  arrest  phenomenon  was  caused  b^  the  development  of 
secondary  cracks  along  the  longitudinal  structure  or  rolling  direction, 
perpendicular  to  the  main  crack.  Cavities  are  formed  along  the  particle 
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stringers  and  coalesce  to  form  microcracks.  This  retardation  of  crack  growth 
in  the  L-T  orientation  in  vacuum  was  4IS0  evident  in  fatigue.  It  could  be 
surmised  that  the  development  of  secondary,  perpendicular  cracks 
redistributes  stresses  and  reduces  the  stress  field  at  the  primary  crack  tip. 

The  perpendicular  cracks  form  in  air  as  well  as  in  vacuum  but  in  air  their 
growth  appears  to  be  relatively  slower  than  that  of  the  main  crack  and 
consequently  is  less  effective,  or  at  least  delayed  in  influencing  rate.  It  is 
possible  that,  at  certain  conditions  of  temperature  and  load,  crack  retardation 
could  occur  in  air  as  well. 

In  comparison  of  crack  growth  in  fatigue  and  creep  on  a  time  basis,  the 
rates  in  the  L-T  orientation  at  1000°C  are  roughly  the  same  for  the  creep  and 
1-min  hold  fatigue  and  these  are  lower  than  the  rates  for  fatigue.  Figure  13. 
This  indicates  the  growth  process  even  at  1000®C  is  cycle  dependent  as  well  as 
time  dependent.  In  the  hold-time  test  the  cyclic  loading  comprises  only  about 

10  percent  of  the  total  time  and  therefore  does  not  materially  contribute  to 
and  alter  crack  growth  rate  even  though  it  is  more  damaging  than  static 
loading  on  a  time  basis.  In  the  T-L  orientation,  growth  rates  are  higher  in 
creep  than  in  fatigue,  the  converse  of  that  in  the  L-T  orientation.  Figure  14. 

This  behavior  is  quite  plausible.  Cavities  tend  to  form  along  particle  stringers 

parallel  to  the  crack  more  readily  in  creep  and  thus  in  the  T-L  orientation 
accelerate  the  crack  growth  process. 

There  is  a  propensity  for  cavities  to  form  along  aligned  particles  in  the 
micrcstructure  produced  by  the  hot  processing  of  the  material  and  these  form 

more  readily  under  time-dependent  creep  conditions,  high  temperature  and 
static  load.  When  the  string  of  cavities  is  in  the  direction  of  the  main  crack 
growth,  they  assist  the  growth  process  by  joining  with  the  main  crack  and 
thereby  accelerate  the  growth  rate.  However,  when  the  aligned  cavities  are 
perpendicular  to  the  main  crack  they  may  still  join  among  themselves  to  form 
microcracks  but  now  these  perpendicular  cracks  in  the  vicinity  of  the  mam 
crack  tip  tend  to  retard  the  growth  of  the  main  crack  by  lowering  the  stress 
intensity  at  the  tip.  Faster  creep  crack  growth  in  the  T-L  orientation  than  the 

L-T  orientation  observed  here  was  also  reported  (7)  for  MA  956  at  1000”C. 
Another  similarity  in  behavior  with  MA  956  is  higher  crack  growth  rate  on  a 
time  basis  under  static  than  cyclic  load  for  the  T-U  orientation. 

Creep  fracture  surfaces  have  distinct  features  related  to  orientation  as 
well  as  loading  mode.  This  is  the  result  largely  of  cavity  and  microcrack 


formation  along  aligned  particle  stringers  which  is  enhanced  by  the  creep 
process.  Crack  growth  in  the  L-T  orientation  at  1000*^C.  Figure  IS,  appeared  to 
be  a  mixed  mode,  intergranular  and  trans granular,  the  former  predominating 
in  the  later  stages.  Figure  ISa  shows  the  beginning  of  creep  crack  growth. 
Cavity  formation  and  connection  of  cavities  to  produce  microcracks  in  the  L-T 
orientation  specimen  are  shown  in  Figure  16.  Microcracks  develop  mainly 

perpendicular  to  the  main  crack  and  divert  the  direction  of  the  main  crack  or 

cause  a  marked  reduction  in  growth  rate. 

In  the  T-L  orientation  the  void  formation  occurs  along  the  aligned 
particles  parallel  to  the  direction  of  crack  growth.  Fracture  took  place  by 
interconnecting  microcracks  ahead  of  the  main  crack  and  produced  a 
furrowed  surface,  shown  in  Figure  17a.  Thus  the  rate  of  crack  growth  in  the 
T-L  orientation  was  enhanced  relative  to  that  in  the  L-T  orientation.  Figure  12. 

It  is  important  to  note  the  path  of  crack  growth  in  this  material  appears  to  be 
influenced  more  by  aligned  particles  even  though  particles  are  present  in  the 

boundaries  too.  Also  this  effect  is  more  pronounced  in  creep  than  in  fatigue. 


SUMMARY  AND  CONCXUSIONS 

Fatigue  crack  growth  rate  in  MA  754  for  a  given  AK  increases  with  rise 

in  temperature  from  24®  to  lOOO^C  and  may  be  affected  by  specimen 
orientation  with  respect  to  rolling  direction.  The  effect  of  orientation  is  not 

the  same  over  the  entire  temperature  range.  The  growth  rate  increase  due  to 

temperature  appears  to  be  related  mainly  to  time-dependent  processes, 
probably  creep,  and  not  to  an  elastic  modulus  change.  A  I -min  hold  on  the 
fatigue  cycle  raises  the  growth  rate  appreciably,  indicating  crack  growth  is 
as  sensitive  to  time  as  cycles. 

In  the  L-T  orientation  significant  secondary  cracking  occurs  normal  to 
the  direction  of  the  main  crack  to  the  extent  that  final  fracture  may  occur  in 
that  direction.  Also  in  vacuum  the  secondary  cracking  causes  a  deceleration 
in  crack  growth  and  virtual  cessation. 

Comparisons  of  correlations  of  fatigue  crack  growth  rates  with  the 
elastic-plastic  parameter  AJ  and  linear  elastic  parameter  AK  show  reasonably 
good  agreement  between  the  two  parameters. 
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Predicted  fatigue  crack  growth  fates  based  on  a  cumulative  damage 
model  agree  reasonably  well  with  experimental  data  but  the  expression  does 
not  seem  to  take  into  account  hold  time  effects.  It  appears  the  damage  model 
predicts  fatigue  crack  growth  rates  in  MA  7S4  provided  a  significant 
contribution  oi  time-dependent  growth  is  not  present. 

Creep  crack  growth  rates  at  1000°C  are  higher  in  the  T-L  orientation 
than  L-T  orientation  in  both  air  and  vacuum.  Furthermore  the  orientation 
effect  is  much  larger  in  creep  than  in  fatigue.  Also  the  apparent  threshold 
stress  intensity  for  creep  crack  growth  is  much  lower  for  the  T-L  than  L-T 
orientation.  Faster  crack  growth  in  the  T-L  orientation  could  be  related  to 

creep  voids  on  particles  aligned  parallel  to  the  growth  direction  facilitating 
crack  extension,  the  process  occurring  more  readily  in  creep  than  fatigue. 

Retardation  of  crack  growth  in  the  L-T  orientation  in  vacuum  occurs  in 
creep  as  it  does  in  fatigue  and  appears  to  be  related  to  the  development  of 
secondary  cracks  normal  to  direction  of  the  main  crack.  In  the  T-L 
orientation  retardation  was  not  observed  and  crack  growth  is  faster  on  a  time 
basis  in  creep  than  fatigue,  the  reverse  of  that  in  the  L-T  orientation,  and 
appears  to  be  related  to  the  greater  tendency  for  void  formation  in  creep. 
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Figure  Captions 

Fig.  1.  Microstructure  of  Inconel  MA  754  alloy  showing  elongated  grains. 

Fig.  2.  tnfldence  of  temperature  and  orientation  on  fatigue  crack  growth 
rate. 

Fig.  3.  Influence  of  hold  time,  environment,  and  orientation  on  fatigue  crack 
growth  rate  at  1000®C. 

Fig.  4.  Comparison  of  fatigue  crack  growth  rates  at  760®C  (L-T  orientation)  on 
the  basis  of  VaJ-E,  AK,  and  predictive  formulation. 

Fig.  5.  Comparison  of  fatigue  crack  growth  rates  for  l-min  hold  cycle  at 
1000°C  (L-T  orientation)  on  the  basis  of  VaJ  E,  AK,  and  predictive  formulation. 

Fig.  6.  Fatigue  fracture  surfaces  at  24®C  of  (a)  L-T  orientation  and  (b)  T-L 
orientation. 

Fig.  7.  Fatigue  fracture  surfaces  at  1000®C  of  (a)  L-T  orientation  and  (b)  T-  L 
orientation. 

Fig.  8.  Fatigue  fracture  surface  (T-L  orientation)  of  1-min  hold  at  IGOO'^C  in 
comparison  with  fatigue  at  24^C . 

Fig.  9.  Fatigue  specimen  surfaces  (L-T  orientation)  showing  development  of 
perpendicular  cracks  at  (a)  760°C  and  (b)  1()00”C . 

Fig.  10.  Fatigue  specimen  surfaces  showing  crack  giowtb  in  L-T  orientation; 

(a)  cavity  formation  at  lOOO^C  and  (b)  microcrack  formation  at  760®C . 

Fig.  11.  Fracture  in  fatigue  specimen  tested  with  1-min  hold  at  10(X)°C  in  air 

showing  final  separation  in  direction  normal  to  main  crack. 

t 

Fig.  12.  Influence  of  orientation  and  environment  on  creep  crack  growth 

rale  at  lOOO^C. 


Fig.  13.  ComparisoD  of  crack  growth  rates  (L-T  orientation)  on  a  time  basis  for 
cyclic,  1-min  hold  cycle,  and  static  loading  at  1000*^0. 

Fig.  14.  Comparison  of  creep  and  fatigue  crack  growth  rates  at  lOOO^’C  on  a 
time  basis  and  dependence  on  orientation. 

Fig.  15.  Creep  fracture  surfaces  in  L-T  orientation  at  1000®C  in  air. 

Fig.  16.  Creep  crack  growth  specimen  surfaces  (L-T  orientation)  showing 
cavity  formation  at  1000°C  in  vacuum. 


Fig.  17.  Creep  crick  growth  in  T-L  orientation  at  1000°C  showing  (a)  furrowed 
fracture  surface  and  (b)  fracture  path  along  particle  stringers. 
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Fig.  4.  Comparison  of  fatigue  crack  growth  rates  at  760'’C  (L-T  orientation)  on 
the  basis  of  AK,  and  predictive  formulation 


Fig.  5.  Comparisoo  of  fatigue  crack  growth  rates  for  !  -mir  hold  cycle  at 
1000*C  (L-T  orientation)  on  the  basis  of  AK,  and  predictive  formulation. 
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Fig.  9.  Fatigue  specimcD  surfaces  (L-T  orieniation)  showing  development 
perpendicular  cracks  at  (a)  760®C  and  (b)  1000”C. 
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Fig.  13.  Cotnparisoo  of  crack  growth  rates  (L-T  orieotatioa)  on  a  time  basts  for 
cyclic,  l-min  hold  cycle,  and  static  loading  at  I000‘*C. 
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14.  Comparison  of  creep  and  fatigue  crack  gro^'.th  rates  at 
basis  and  dependence  on  orientation. 
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8/19/88 

oral  (s  written 

J.  Uhm 

Potomac  Res.  Inc.  at  NRL 

8/11/88 

oral 

S.  Lawrence 

Naval  Research  Laboratory 

8/6/88 

oral 

R.  Jeffries 

GEO-CENTERS,  INC. 

8/18/88 

oral  &  this  document 
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;  6  OATC  ANC  PLACE  OF  OTh£R  TESTS  OPERATIONS  NAO  ThE  RESULTS  4LtU  and  oaaftSS  O*  ^ttnrisrs  9n^  idcnnt\  P'csein  hneli*^» 

ot  reeorasi 

8/15/88  -  NRL  diffraction  x-ray  analysis  indicsted  mixed  phase  BYC  was  produced 
when  air  calcining  alone  was  used. 

WITNESS:  J.S.  Uhm  RECORDS:  .  NRL 

13631  S.E.  235th  St.  '  Washington,  D,C.  20375-5000 

Kent,  WA  98042 

I  7  iOENTIFV  any  past,  present  oh  contemplated  use.  SAUE,  OR  PUBLICATION  OF  THE  (N  VENTlON 

This  information  was  included  in  a  written  report  to  Dr,  M.  Kahn,  Code  6373.  It  is 
to  be  used  for  publication  forthwith. 


8.  CLOSetV  related  patents,  patent  applications  and  publications 


I  patent  or  application  no.  and  date  title  op  po^lisheo  article  publication  name  ano  date 

TFSTessing  &  t-ropertles  ot  Adv.  Ceram.  Mat.  2.(383  1987 

_ High  Tc  Superconducting  Oxide _ 

_ _ _ Ceramics.  YBa7C0307. _ _ _ 

_ Processing  High  Temperature  ACS  Symposium  Series  351 

_ _ Ceramic  Superconductors: _ AM  Chem.  Soc.  1987 _ 

Structure  &  Properties 

PART  II.  disclosure  OF  INVENTION 

DaeriBc  the  invention  fully  and  completely,  using  the  outline  given  below.  Sketches,  phnu,  photos  and  other  illustrations  should  be  attached  to  this 
disclosure.  Use  additional  plain  pages  as  needed  to  complete  the  disclosure. 


publication  name  ano  date 
Ceram.  Mat.  2.(38)  1 


ACS  Symposium  Series 
AM  Chem.  Soc.  1987 


l.  GENERAL  PURPOSE.  State  in  general  terms  the  purpose  and 
obiecu  of  the  invention. 

3.  BACKGROUND.  Describe  the  old  methods,  materiasl  or  appara¬ 
tus  used  to  perform  the  objects  of  the  invention  and  give  their 
limitations  and  disadvantages. 

3.  DESCRIPTION  AND  OPERATION.  Describe  clearly  and  com¬ 
pletely  the  construction  of  the  invention  and  give  a  detailed  de¬ 
scription  of  its  operation  and  use.  In  the  description,  use  reference 
chaiacten  to  refer  to  componenu  in  attached  illustrations. 

4.  ADVANTAGES  AND  NEW  FEATURES.  Sute  the  advanuges  of 
the  invention  over  the  old  methods  described  in  paragraph 
above,  and  the  features  believed  to  be  new. 


5.  ALTERNATIVES.  Indicate  any  alicrnative  methods,  maicrials 
or  constniclions  of  the  invention. 

6.  CONTRIBUTIONS  BV  INVENTORS.  If  thU  is  a  joint  invention, 
indicate  what  contribution  was  made  by  each  inventor. 

1.  EXECUTION  OF  DISCLOSURE.  The  end  of  the  disclosure  should 
be  signed  and  dated  by  the  inventotls).  The  disclosure  should  then 
be  read  and  understood  by  two  technically  qualified  witnesses. 
Under  invenioris)  signatures,  enter  the  statement:  "Disclosed  to 
and  understood  by  me  on  (date."  The  two  witnesses  should  sign 
under  this  statement. 


See  attached 


npvonr  bBrp.'js  in.,  s  ail  inwwt.i 


This  procedure  was  devised  a  a  method  of  producing  a  phase  pure  superconducting 
orthorhombic  barium  yttrium  cuprate  powder  for  use  in  the  preparation  of  thick  film 
coatings  on  ceramic  substrates. 


2 .  Background 

Previous  experiments  with  Ba2YCuO(7_x) (BYC)  using  the  typical  air  calcining 
processes  produce  powders  that  contain  a  mixture  of  orthorhombic  and  tetragonal 
phases.  Similarly,  coating  experiments  using  these  powders  resulted  in  thick  films 
that  contained  a  mixture  of  these  two  phases.  Therefore,  experiments  were  begun  to 
develop  a  technique  for  producing  single  phase  orthorhombic  BYC  powder  for  use  in 
thick  film  coatings.  Initial  experiments  indicated  that  the  use  of  oxygen  during 
calcining  inhibited  the  reaction  between  BaC03,  Y2O3  6.  CuO  by  supressing  the 
decomposition  of  BaC03  rather  than  forming  BYC. 

3 .  Description  and  Operation 

In  this  procedure  one  calcines  a  stoichiometric  mixture  of  BaC03 ,  Y2O3  and  CaO 
after  milling  these  powders  in  acetone  in  an  AI2O3  ball  mill  with  AI2O3  balls.  The 
mixture  is  dried  to  125 °C  and  subsequently  calcined  in  platinum  dishes  at  950° C  in 
oxygen.  After  holding  for  1  1/2  hours  at  950  °C  the  powder  is  cooled  slowly  ("16  hrs) 
in  flowing  O2  with  an  intermediate  stop  at  700  “C.  After  each  cycle  the  powder  is 
crushed  and  ground  with^^j^  mortar  and  pestle  to  45  .om  grain  size.  It  is  then  heated 
rapidly  ("3  hours)\^'o‘'550  °C,  held  hr,  ^t\iifi''^65%en  is  introduced.  The  c/ 

temperature  is  held  at  950  °C  fo^"^  hr  and  the  cooling  cycle  in  oxygen  is  repeated  to 
obtain  the  pure  phase.  Diffraction  analysis  indicates  that  an  orthorhombic  powder  is 
formed. 


4 •  Advantages  and  New  Features 

The  advantage  of  this  method  is  that  it  produces  an  orthorhombic  powder  which  in 
turn  results  in  a  better  orthorhombic  superconducting  thick  film  than  that  obtained 
from  mixed  phase  powders.  The  vacuum  also  aids  in  removal  of  CO2  from  the  BaC03 ,  thus 
enhancing  the  formation  of  BYC  from  the  precursor  powders. 

5.  Alternatives 


(a)  Dry  mix  the  powder  with  a  spex  mixer  before  cycling  it  through  the  vacuum- 
oxygen  calcine  treatment. 

(b)  After  roller  milling  in  acetone  or  dry  mixing  in  a  spex  mixer  calcine  the 
powder  in  air  before  the  vacuum-oxygen  calcine  cycle. 

(c)  Substitute  an  inert  gas  or  air  calcine  for  the  vacuum  stage  of  the  calcining 
cycle . 

(d)  Substitute  BaOH  for  BaC03. 

(e)  Use  an  excess  of  0.001  -  0.005  moles  of  Y2O3  to  enhance  formation  of  the 
orthorhombic  phase. 

Ose  "tiivo  OXy^e.w  vu  ;  ffwi-  ^r!or  "ti- e»+ ►nen'i'. 

6.  Contribution  by  Inventors  -  Single  inventor 


7.  Execution  of  Disclosure  - 
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PREPARATION  AND  CHARACTERIZATION  OF  BuSnC.i^CiuO,  u  ^  and 
Bi4SnCa3CurO(i4.x)  FILMS  ON  CERAMIC  SUBSTRATES 


AUTHOR(S) _ 
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ABSTRACT  _ 

A  method  for  producing  highly  oriented  superconducting  Bi4Sr3Ca 3C U4O ( 1 4 .^ ) 

(BSCCO)  thick  films  on  polycrystallinc  and  single  crystal  MgO  substrates  is  described. 

Highly  oriented  films  are  desirable  since  critical  currents  at  77K  differ  by  a  factor  of 
lOOO  between  oriented  and  unoriented  films.  In  the  present  study  a  technique  similar 
to  that  of  Akamcisu  et  al  (1]  was  examined  in  detail  and  extended  to  include 
polycrystalline  MgO  and  AI2O3  substrates  as  well  as  single  crystal  substrates. 

Thick  films  (~I50  pm)  were  prepared  by  briefly  melting  prereacted,  calcined 
BSCCO  powoers  on  the  MgO  and  AI2O3  substrates  at  1000”  C.  The  powders  were  prepared 
in  both  4334  and  4336  stoichiometries.  After  melting,  most  films  were  quenched  in  air 

and  then  annealed  in  air  or  oxygen  for  15  hours  from  800-850”C.  A  few  samples  were 

slow  cooled  in  the  furnace  to  the  annealing  temperature  before  annealing. 

The  quenching/anncaling  procedure  produced  macroscopically  uniform,  dense 
films  on  the  MgO  substrates.  The  BSCCO  wets  the  MgO  as  evidenced  by  a  partial  coating 
of  BSCCO  on  the  back  of  the  substrates.  The  AI2O3  substrates  were  not  totally  wetted  by 

the  BSCCO  and  the  films  on  the  AI2O3  were  not  as  uniform  as  those  on  the  MgO.  X-ray 

diffraction  analysis  of  the  thick  films  showed  that  for  both  the  4334  and  4336 

compositions  the  dominant  phase  was  Bi2Sr2CaCu20x  (2212)  with  a-3.82  and  c-30  .‘'A 
(tetragonal  pseudocell).  This  phase  was  highly  oriented  with  the  (001)  lines 
dominating  (see  figure  I ).  Ca2Cu03  was  sometimes  present,  more  so  in  the  4336 

compositions  than  in  the  4334  compositions.  SEM  and  Optical  Microscopy  revealed 
-  BSCCO  plates  with  Ca2Cu03  needles  on  the  surface.  Tbe  slow  cool/  annealing  procedure 
produced  very  little  2212  BSCCO.  The  ; 
dominant  phases  in  the  slow  j 

cooled  materials  were  the  «  •”**■  . 

Ca-free  (2201)  BSCCO  and  Ca(Sr)-Cu-0.  ,  ^ 

Lead  BSCCO  films  are  also  being  examined.  _ 

z 

1.  Y.Akamatsu.  M.Taisumisago.  N.  Tohgc,  J 
S.  Tsuboi  and  T.  Minarai.  Jpn  J.  Appl.  55 

Letters.  27.  LI696.  1988.  5  I 


Figure  I:  Powder  X-ray  Diffraction 
Pattern  of  a  BSCCO  Film  on 
Polycrystalline 
MgOiloiiial  composiion  4336). 
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ABSTRACT 


A  single  calcination  step,  solid  state  process  to  produce  single  phase 
orthorhombic  (by  XRD)  Ba2YCu307  is  described.  BaC03.Y203  and  CuO  arc  used  as 
precursor  materials,  but  no  residual  carbonate  is  observed  after  calcination.  The  use 
of  a  vacuum  during  (be  initial  stages  of  the  calcining  process  promotes  complete 
decomposition  of  (he  carbonate.  An  oxygen  atmosphere  during  the  later  stages  of 
calcining  ensures  proper  oxidation  to  Ba2YCu307  .  This  single  phase  powder  produces 
better  thick  films  than  multiphase  powders.  The  use  of  a  similar  combination  vacuum- 
oxygen  calcining  schedule  should  be  beneficial  in  the  preparation  of  chemically 
derived  powders. 

BaC03.Y20  3  and  fine  CuO  were  mixed  and  wet  milled  simultaneously.  Calcining 
for  0.5  hour  in  a  vacuum  of  500  mtorr  at  950°C,  followed  by  two  hours  in  flowing 
oxygen  at  950“C  and  a  slow  cool,  including  two  hours  at  700'’C  in  flowing  oxygen, 
produced  the  best  results.  Powders  calcined  under  vacuum  then  oxygen  with  a  two 

hour  hold  at  950‘*C  contained  fully  orthorhombic  BYC.  Powders  which  were  only  held 
one  hour  contained  tetragonal  BYC  as  well  as  orthorhombic  BYC  and  small  amounts  of 
minor  phases.  Powders  calcined  in  air  or  oxygen  were  multiphase  after  the  initial 
calcining.  They  tended  to  contain  BaCOj,  BaCu02  and/or  BaY2Cu05.  The  longer  hold 
appeared  to  serve  two  functions.  First  it  allowed  complete  reaction.  Second  it  allowed 
complete  oxidation  of  the  tetragonal  BYC  formed  under  vacuum  to  the  orthorhombic 
phase.  While  the  0=7  stoichiometry  can  not  be  formed  at  such  high  temperatures,  we 
believe  that  the  longer  950®/c  oxidation  bold  helps  to  incorporate  oxygen  into  the  0=6 
BYC  formed  under  the  vacuum.  The  powders  formed  by  ibis  technique  had  the  blocky 
morphology  typical  of  solid  state  powders.  After  ball  milling  in  acetone  they  had  a 
typical  panicle  size  of  about  2-3  pm.  The  crystallite  size  was  about  0.3  pm. 

Thick  films  were  made  by  painting  BYC  acetone  slurries  on  polycrystalling  MgO. 
A 120  3.  AI3N4  and  SrTf03  substrates.  The  films  reacted  with  the  AI3N4  and  SrTi03 
substrates  yielding  second  phases  including  BaY2CuOs.  The  films  on  the  MgO  subiraies 
w'ere  the  most  adherent  and  tended  to  have  narrower  transitions  to  zero  resistivity 
(ban  the  films  on  AI2O3  substrates. 
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INTRODUCTION 


Thick,  oriented  BSCCO  films  have  been  produced 
previously  on  single  crystal  MgO. 


Superconducting  transport  in  BSCCO  is  anisotropic  and 
critical  currents  are  much  higher  in  oriented  films. 


Can  BSCCO  films  be  aligned  on  Polycrystalline  MgO  and 
AI2O3  substrates 


Can  the  melt/crystallization  technique  of  Akametsu  and 
coworkers  be  modified  and  extended  to  make  aligned 
coatings  on  polycrystalline  substrates? 


Can  such  coatings  be  used  to  prepare  devices  including 
devices  with  complex  shapes? 


APPLICATIONS: 


magnetic  shielding 
thick  film  devices 

(squids,  microstrip  transmission  lines,  etc.) 


BSCCO  SAMPLE  PREPARATION 

Raw  Materials;  Bi203,  SrC03,  CaC03,  CuO 

Stoichiometry:  4334,  4336,  2223,  and  2234 

Substrates:  Polycrystalline  MgO,  polycrystalline  AI2O3, 

single  crystal  MgO 

Procedure; 

1.  Mill  raw  materials  in  acetone  for  24  hours  and  flash  dry 

2.  Calcine  raw  materials  in  air  at  '-850°C  for  1-4  hours 

3.  Mill  calcined  powders  and  dry 

4.  Place  milled  powder  as  a  thin  layer  on  top  of  the 
substrate 

5.  Heat  to  ~1050®C  briefly  to  insure  melting  (<  20  minutes) 
6a-  Quench  in  air  to  room  temperature  (<  10  minutes) 

6b.  (Cool  slowly  in  O2  to  annealing  temperature) 

7.  Anneal  in  O2  at  860°C  for  >15  hours 

8.  Cool  slowly  to  room  temperature  in  flowing  O2 


CHARACTERIZATION 


Visual 

X-ray  diffraction 
Optical  microscopy 
SEM  with  EDAX 

Resistance  versus  temperature 
Critical  current 


RESULTS 

Visual  Observations: 

On  Polycrystalline  AI2O3: 

•  substrate  not  evenly  wet  by  coating 

•  coating  thickness  highly  nonuniform 
On  Single  crystal  or  polycrystalline  MgO: 

•  substrate  is  wet  by  coating 

•  uniform  dense  coating 

•  film  has  reflective  surface 


Microscopy  (Optical  and  SEM): 

On  MgO  substrates  (with  quenched  BSCCO  coating) 

•  large  flat  platelets  parallel  to  the  substrate 

•  needles  and  fan  shaped  clusters  of  needles  overlay 
the  platelets 

•  the  needles  were  richer  in  Ca  than  the  platelets 

•  the  needles  appeared  to  be  oriented  with  respect  to 
the  substrate 


w 


iJuienled.  showing  or  e.'iitid  BSCCO  plofoio:^, 

h.  Ca.CuOl  needles  as  found  hi  certain  regions  on  lop 
ol  BSCCO  film. 
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(b) 


2  Typical  area  of  well  aligned  film  after  mechanical 
removal  of  Ca2Cu03  and  reannealing 


XRD  RESULTS 

•  Bi2Sr2CaCLi20x  (2212)  was  predominant  phase  for 
both  the  4334  and  4336  powders 

•  The  2212  was  strongly  oriented  with  (0  0  I)  lines 

having  the  highest  intensities 

•  The  2212  was  analyzed  as  pseudotetragonal  with 
a=0.382  nm  and  c=3.05  nm  or  an  othorhombic  body 


•  The  needles  were  Ca2Cu03 

•  Oriented  Bi2Sr2CuOx  (2201)  was  generally  present 

as  a  minor  phase  (20  =7.5  and  21.9°)  in  some  samples 
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Figure  3 

X-ray  Diffraction  Patterns  of  a  Thick  Film 
on  a  Polycrystalline  MgO  Substrate 
(2212  BSCCO  derived  from  4336  Precursor) 
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(a)  Film  after  one  anneal,  Ca2Cu03  peaks  present 
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(b)  Same  Film  after  surface  was  mechanically  removed  then  reannealed 


Superconducting  Behavior: 


The  samples  were  superconducting 
with  a  Tc  between  79K  and  85K 

Critical  current  was  a  function  of  microstructure; 
samples  annealed  without  removal  of  the 
overlaying  Ca2Cu03  needles, 
showed  a  relatively  low  Jc  100  A/cm2)  at  68K 

After  the  Ca2Cu03  needles  were  ground  off 
and  the  sample  was  reannealed  in  O2 
a  Jc  of  >  2000  A/cm2  was  observed  at  68  K 
and  a  Jc  =  7000  A/cm2  was  observed  at  4K. 


Resistivity  (mii-cm) 


Voltage  (micro-volts) 
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5.  Typical  data  collected  for  Jc  measurement. 
The  values  reported  are  typically  calculated 
data  at  1  microvolt.  Sample  dimensions  are 
t=  0.1mm,  w=  1.3mm,  l=  3.4mm 


RESULTS  (cont) 

Melted  and  Slow  Cooled  4336  Not  Quenched  BSCCO: 

•  2201  was  the  predominant  phase 

•  very  little  2212  BSCCO  was  formed 

•  Ca(Sr)-  Cu-0  oxides  were  also  formed 

•  reannealing  did  not  change  the  ratio  between  the 
amount  of  2212  phase  and  that  of  the  2201  phase 

•  phase  separation  in  the  melt  occurred  during  the 
slow  cool,  yielding  Ca-rich  and  Ca-poor  phases 

•  remelting  followed  by  a  quench  increased  the  amount 
of  2212  phase  appreciably 


SUMMARY 


Superconducting  thick  films  were  prepared  that 
consisted  of  highly  oriented  2212  BSCCO 

Best  results  were  obtained  by  quenching  after 
melting  and  annealing  the  thick  film 


*  Tc  =  79-85K 

*  Jc  =  2000  A/cm2  at  68  K 
and  7000  A/cm2  at  4  K 


PREPARATION  AND  CHARACTERIZATION 
OF  ORTHORHOMBIC  BazYCusOy  POWDER 
FOR  THICK  FILM  COATINGS 
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MATERIAL  PREPARATION  PROCEDURE 
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•  TETRAGONAL  BYC 
FORMED  UNDER  VACUUM-TREATMENT 


TABLE  I:  MIXING  TECHNIQUES 
AND  PHASES  PRESENT  AFTER  CALCINING 


CCdC 

Olij 

QO 

ZQ. 

o> 

zm 


0-  (/) 

a)< 

<°- 

LU 

Q. 


.S  Q  ->-3 

5>  "o  b  E  S 

£  i>  CO  3  0) 

^  <0  r-  3  >. 

i:  0)  ^  ox 

T,  =  «>  5° 

®  to  w  .E 

W  ^  ^ 

o  c  ^ 

raj^rv.  ‘9-^ 

o  i:  <M  o  T- 


c  o 

O  •—  Qi 
O  Q_ 
O  0)  ^ 

>«—  0)  to 


--C0  + 

O  r* 

■D?  §, 

E  ”  < 

to 

J^CO  o 
W  CM  •- 
o  ,-  ::i. 
O  o 

a>  ^ 
0)  ^ 
-c  <3 

cS  «> 

0)  <11  o 

1  5  E 

B  aJ  to 

§ 

gl  " 

CD  .E 
CD  1-  o 

m  ®  C 

2  Q.  E 

S’®  o 

CU  (O  ^ 
(/)  ,_ 
‘-  o 

roi5  x: 
■5  3  t: 
S,  O)  o 

<<  ^ 

^  * 


•  VACUUM  CALCINED  POWDERS  CONTAINING  ORTHORHOMBIC  BYC 
LEVITATED  SMALL  MAGNETS  AT  77  K 
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ABSTRACT 


The.  U.S.  Army  has  experienced  a  continuing  corrosion  problem  with  mag¬ 
nesium  components  of  aircraft  requiring  increased  maintenance  and  impacting 
both  cost  and  readiness.  A  recent  modernization  program  has  replaced  a  number 
of  magnesium  parts  with  aluminum  to  reduce  the  corrosion  problem  but  with  a 
concomitant  weight  penalty.  In  order  to  fully  utilize  the  advantages  of  mag¬ 
nesium,  more  corrosion-resistant  alloys  with  improved  protective  schemes  are 
needed.  This  paper  assesses  the  corrosion  resistance  of  several  protective 
schemes  for  magnesium  alloy  ZE41A  incorporating  a  conversion  coating  or  HAE 
anodize,  with  or  without  a  sealer,  several  primers,  and  a  polyurethane  topcoat. 
The  tests  employed  include  5%  salt  spray,  100%  RH  at  100°F  followed  by  tape 
adhesion,  and  AC  impedance  to  develop  Nyquist  and  Bode  plots  It  was  concluded 
that  the  application  of  the  sealer  significantly  improved  the  corrosion  resist¬ 
ance  of  the  paint  scheme.  Best  results  were  obtained  when  the  HAE  anodize  was 
used  as  the  initial  treatment. 
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ASSKSSMENT  OF  SOME  CORROS lOM  PROTECT [ON  SCHEMES 
FOR  MAGNESIUM  ALLOY  ZE41A-Ti 
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**G€o-Center9 ,  Inc.,  Newton  Upper  Falls,  MA  02164 


Introduction 


TABLE  1 


U.S.  Army  experience  vlth  oiagneslurD  alloys 
as  components  in  aircraft  has  shown  a 
significant  corrosion  problem  requiring 
Increased  maintenance  and  Impacting  both  cost 
and  readiness.  During  the  Vietnam  era  there  was 
widespread  use  of  magnesium  in  Army  aircraft  to 
reduce  weight  and  Increase  performance.  But  In 
a  recent  modernization  program,  a  number  of 
magnesium  parts  have  been  replaced  with  aluminum 
to  reduce  the  corrosion  problem.  It  Is  clear 
that  more  corrosion  resistant  magnesium  alloys 
with  improved  protective  schemes  are  needed 
before  their  advantages  can  be  fully  utilized. 

The  best  current  practice  for  protecting 
magnesium  In  Army  aircraft  employs  an  anodize  or 
chromate  conversion  treatment,  an  epoxy  primer 
and  a  polyurethane  top  coat.  This  paper 
assesses  a  protective  scheme  for  MG  alloy  ZE4iA 
which  has  been  modified  by  the  British  approach 
of  Interposing  a  baked  epoxy  resin  (sealer) 
between  the  conversion  coating  and  primer 
application.  For  comparison,  the  current 
practice  described  above  Is  also  assessed. 

Materials 


Magnesium  alloy  ZE4IA-T5  was  selected 
because  It  is  presently  being  used  in  our  newest 
aircraft.  Table  I  contains  the  nominal 
composition  of  this  alloy,  the  heat  treatment, 
and  mechanical  properties.  The  corrosion 
resistance  In  mpy  obtained  by  both  Immersion  In 
3X  NaCl  solution  and  electrochemical 
polarization  in  both  100  ppm  Cl  and  I.*)?  NaCl 
solutions  Is  also  Included.  Note  that  the 
immersion  and  polarization  data  In  3.  NaCl 
solution  are  in  good  agreement,  120  and  I  IS  mpy, 
respectively. 

The  protective  schemes  evaluated  are 
described  schematically  In  Figure  1.  The 
variables  include  the  Initial  conversion 
coating,  the  presence  of  the  sealer,  and  the 
primers.  The  chemical  agent  resistant 
polyurethane  topcoat  was  standard  for  all 
systems  evaluated.  The  thickness  of  each 
coating  layer  Is  shown  schematically  In  Figure 
2.  The  procedure  for  applying  the  sealer  is 
contained  In  Table  2*  The  application  of  the 
conversion  coatings,  the  primers  and  topcoat  was 
carried  out  in  accordance  with  the 
specifications  and  standards  shown  In  Figure  I. 
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Fig.  1.  Coating  Schemes  for  Mg  Alloy  2E41A-T5 
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Fig.  2  Schesaclc  Dlagraa  of  Currenc  and 
Improved  Coatings  Sysceraa 

TABLE  2 

ARALDITE  985  APPLICATION  <D-T.D.  935) 

PRE  HEAT  TO  180- 200‘‘C 

•  COOLED  TO  60“  C 

-  DIPPED  IN  RESIN  SOLUTION 

-  DRAINED  15-30  MINUTES 

'  CURED  AT  180“  C  FOR  15  MINUTES 

•  COOLED  TO  60“  C 

•  REPEAT  TWICE 

•  FINAL  CURE  AT  1 80“  C  FOR  -is  MINUn  s 


TABLE  3 
TEST  PANELS 

DIMENSIONS:  6"(l)  X  4"  (w)  X  l/«  "  (i) 

•  Pancis  were  coated  oo  oo*  side  and 

roBaimiit  >^<9  cooversioe  coated, 
masked  with  paraffla  wax 

•  Oae-telf  of  the  paaeb  tested 

were  scribed  with  an  "X" 

•  Tests  io  doplicate 


TABLE  4 

STANDARD  TEST  METHODS  FOR  PROCEDURES 
AND  EVALUATION 

•  Sail  Spray  (Fog)  Testing  ASTM  B117 

•  5%Na0.95“F 

.  Evaluation  of  Painted  or  Coaled  Specimens 

subjected  to  Corrosive  Environments  ASTM  D165H 

•  Transparent  Plastic  Grids  used  to  estimate 
area  failed  foe  unscribed  panels 

*  Mean  creepage  from  scribe  for  scribed  panels 

.  Coated  Metal  Specimens  at  IOO%RH.  100“F. 

ASTM  r2247  prior  to 

*  Measuring  Adhesion  By  Tape  Test 
ASTM  D3359.  Method  13 

•  Rating  on  scale  OB  to  5B 

•  5B  best,  OB  worst 

>  Based  on  %  ofcoatfd  area 
removed  from  substrate 


Experimental 


The  testing  program  Included  exposure  to 
both  salt  spray  (fog)  and  lOOZ  humidity.  Tape 
adhesion  tests  were  performed  after  exposure  to 
lOOZ  humidity.  The  test  panel  dimensions  and 
preparation  are  listed  in  Table  3.  The  standard 
test  methods  for  procedures  and  evaluation  are 
contained  In  Table  4.  la  addition  to  the  above, 
electrochemical  AC  Impedance  measurements  were 
carried  out  to  evaluate  the  performance  of  the 
coatlng/metal  systems.  The  test  cell  la  shown 
in  Figure  3.  AC  Impedance  was  performed  with  a 
PARC273  potentlostat  In  conjunction  with  a  PARC 
3208  Lock-In  Amplifier,  Apple  II  computer,  and 
the  PARC  Softcorr  368  program.  Measurements 
were  obtained  at  the  corrosion  potential  over 
the  frequency  range  lOOK  Hz  -  0,01  Hz  for  up  to 
42  days  In  100  ppm  Cl  solution.  The  corroslun 
potential  was  monitored  before  each  experiment. 


Results  and  Discussion 


Sale  Spray  (Fog)  Test 


Conversion  Coatings  and  Sealer  and  Primers 


Results  of  salt  spray  testing  of  the 
three  different  primers  in  conjunction  with 
either  Che  HAC  anodize  or  chrome  manganese 
conversion  coating  are  expressed  as  Z  area 


Fig.  3  Test  Cell  for  AC  Impedaiin* 
Measurements 
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falU'd  as  a  function  of  exposure  time  in  Tabl-’  5 
anil  rlgure  4.  The  dat..  represent  an  average 
two  oeasureoients  on  duplicate  panels.  It  should 
be  noted  that  Che  sealer  Araldlte  983  wes 
applied  CO  only  Chose  schemes  employing  Che 
epoxy  polyamide  primer  (MIL-P-23377).  This 
primer  Is  currently  used  In  Army  aircraft  in 
conjunction  with  the  CARC  polyurethane  topcoat 
(MIL-C-46186C).  The  efficacy  of  the  primers 
applied  over  Che  Crfta  conversion  coating  may  he 
ranked  In  decreasing  order  of  salt  spray 
resistance  as  MIL-P-52192  >  MIL-P-a5582  > 
MIL-P-23377.  The  application  of  the  sealer 
Araldlte  985  significantly  Improves  the 
performance  of  MIL-P-23377  to  a  level  comparable 
to  MIL-P-52192  as  also  shown  In  the  photographs 
of  Figure  5.  Similar  data  for  the  HAE  anodize 
as  an  alternate  to  Che  Cr  Hn  CreaCnenC  shows  the 
same  ranking  of  primers  but  the  magnitude  of  the 
failed  area  Is  dlmlnshed  In  each  case. 

Conversion  Coatings  and  Sealer  and  Primers 
and  Topcoat 


The  salt  spray  performance  of  the 
protective  schemes  which  Included  the 
polyurethane  topcoat  Is  shown  In  Table  6  and 
Figures  6-9.  Again,  the  Z  area  failed 
represents  an  average  of  measurements  on 
duplicate  panels.  The  variables  were  HAE 
anodize  or  CrMn  conversion  treatment  and  the 
three  primers.  Considering  the  CrMn  treated 
systems  after  42  hours  of  salt  spray  exposure, 
the  best  performance  was  exhibited  by  Che  scheme 
employing  the  sealer,  Araldlte  985,  and  the 
MIL-P-23377  primer.  The  narked  Improvement  In 
performance  achieved  by  Interposing  Araldlte  985 
between  the  conversion  coating  and  Che  primer  Is 
shown  In  Figure  6,  and  the  photographs  of 
exposed  scribed  panels,  Figure  7.  Similar 
results  were  obtained  with  the  HAE  anodized 
panels  as  shown  In  Figures  8  and  9.  But  the  HAE 
treated  systems  performed  better  than  the  ^ 
comparably  treated  CrMn  systems.  Robinson  also 
has  reported  the  beneficial  effect  of  several 
sealers  In  reducing  salt  spray  corrosion  when 
used  with  chromate  conversion  coating,  primed 
and  finish  coated. 


TABLi  t 

'.Air  SPMT  AtS(0*eASCi  III  COSVtASI'.-i  l-lAiiD  ANl;  PRlMi;-  PAri[;S 


• 

%AREA  FAILED  1 

PANEL  >0 

DAY  6 

DAY  13 

AtMAE) 

23377 

1538 

36  72 

■■ncaiiaH 

52192 

0  00 

0  16 

sssaz 

2  73 

14  10 

0.12 

0.45 

HHIBHHHl 

■■■■■■ 

■2IQ8ZI3H 

23377 

3137 

63  03 

52192 

0  SO 

1-30 

■EiQocra 

&55B2 

4  05 

17  48 

■iIQBZm 

985.  23377 

0.9$ 

3.00 

6 


V'lg.  A  Comparison  of  Sail  Spray  Re.slstance 

of  Primers  on  CrMn  Coated  and  HAF, 
Anodized  Mg 


lABLl  6 

SALT  SPKAr  PERfORMANCf  Of  CONVIRSION  TRlAtEO.  PRIMED,  AND  lOPCOATED  PANELS 


%  ARcA  FAILED 

PANEL  10 

COAT  SYSTEM 

DAY  7 

DAY  14 

DAY  21 

DAY  28 

DAY  35 

DAY  42 

EihaEi 

23377,46166 

0  00 

0.46 

0  91 

5.15 

10  44 

15  68 

FfHAE) 

52192.46168 

0.00 

0  39 

1.72 

15  01 

20  82 

26  44 

G(MAE) 

85582.46168 

0  30 

0  39 

0  42 

0  51 

0  68 

0  89 

H(HAE> 

905.23377.46160 

0  00 

0.00 

iO.OO 

0.15 

0  15 

0  48 

0(Cr  Mn) 

23377,46168 

0  12 

1  84 

12  62 

15.15 

20  4S 

26  20 

R(Cr  Mn) 

52192.46168 

0  12 

0  36 

0  48 

C  69 

0  93 

5  75 

SfCf  Mo) 

85582.46 168 

0  21 

15  06 

20  30 

25  30 

30  90 

37  14 

UCf  Mn) 

985.23377.46168 

0  01 

0  01 

0  17 

0  24 

2  59 

3  24 
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AREA  F  A  l£D  (S) 


Fig.  5  Comparison  of  Primers  wlch  Chrome 

Manganese  Conversion  Coating  Exposed 
to  5Z  Salt  Spray  for  14  Days 

1.  Epoxy  Polyamide  Primer  (MIL-P- 
23377) 

2.  Epoxy  Resin  Primer  (MIL-P-52 192 ) 

3.  Epoxy  VOC  Compliant  Primer  (MIL-P 
-83582) 

4.  Araldlte  985  (D.T.D.  935  Epoxy 
Polyamide  Primer  (MIl,-P-2  337  7  ) 


Fig.  6  Area  Failed  for  Coating  Systems  with 
Chrome-Manganese  Conversion,  Epoxy 
Polyamide  Primer  and  CARC  In  5Z  Salt 
Spray 


Cposr,  VOC  Conpllpnt  SjXvd  Hcsln  (Arxldttr) 


r^u.»-Pui»A«idf  cxii-r-nji 
C*»C  (Xll-C-.»1M*  )  CA«i'  (SU-C-AHMl) 


Fig.  7  Comparison  of  Coating  Systems  with 
Chrome-Manganese  Conversion  Coating 
Exposed  to  5Z  Salt  Fog  for  14  Days 

1.  Epoxy  Polyamide  (MlL-P-23377 ) 
CARC  (MIL-C-46168) 

2.  Epoxy  Resin  (MH.-P-52  192) 

CARC  (MIL-C-46168) 

3.  Epoxy,  VOC  Compliant  (MIL-P- 
85582)  CARC  (MIL-C-46168) 

4.  Baked  Resin  (Araldlte) 
Epoxy-Polyaralde  (MIL-P-23377  ) 

CARC  (MlL-P-46168) 


I IMI  (cjys) 


Fig.  8 


Area  Failed  for 
HAE  Conversion, 
Primer  and  CARC 


Coating  Systems  with 
Epoxy  Polyamide 
in  51  Salt  Spray 
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i(«9(n  (Ar^ldite) 
f  T'' «  y- I  y#«l  (MU-P-:))?; 

Cahc  ;.itL*C-i«»l&&> 


Fig.  9  Comparison  of  Coating  Systems  with 

HAE  Conversion  Coating  Exposed  to  5? 
Salt  Fog  for  14  Days 

1.  Epoxy  Polyamide  (MIL-P-2337 7 ) 
CARC  (MII.-C-46168) 

2.  Epoxy  Resin  (MlL-P-52192) 

CARC  (MI1,-C-46168) 

3.  Epoxy,  VOC  Compliant  (MIL-P- 
85582)  CARC  (MIL-C-46168) 

4.  Baked  Resin  (Araldlte) 
Epoxy-Polyaralde  (MIL-P-23377 ) 

CARC  (HlL-C-46168) 


Tape  Adhesion  Test 


Conversion  Coatings  and  Sealer  and  Primers 

The  cross-cut  tape  adhesion  test  was 
performed  after  the  coated  test  panels  were 
exposed  to  lOOZ  relative  humidity  at  100°F  with 
condensation  on  the  specimens  at  all  times 
during  the  5  week  exposure.  The  coat Ing 
adhesion  of  Che  pelmets  that  were  applied  Co 
either  CrNn  or  HAE  treated  panels  was  rated  on  a 
scale  of  OB  to  5B  as  shown  In  Table  7.  These 
ratings  are  based  on  removal  of  coating  from  the 
substrate  after  application  and  rapid  removal  of 
the  tape  and  Inspection  of  the  cross-cut  grid 
area.  A  racing  of  OB  represents  an  affected 
area  of  greater  chan  65Z.  The  best  racing  5B 
represents  no  flaking  and  detachment  of  Che 
coating.  All  of  the  primers  show  very  good 
adhesion  except  for  the  case  where  the  sealer, 
Araldlte  985,  had  been  applied  between  Che  CrHn 
or  HAE  conversion  coating  and  the  MlL-P-23377 
primer.  Failure  occurred  at  the  sealanc/prlmer 
Interface  since  only  the  primer  was  removed. 


Despite  th-  poor  a.lh.-slon  of  prlm.r  to  sealant 
this  coatl'.g  ;cVem.’  pec  forme!  os  -el!  .is  th.* 
other  primers  during  the  salt  spray  test.  It 
should  be  noted  that  the  duration  of  the  lOOZ 
humidity  exposure  was  ~3  times  as  long  as  the 
exposure  to  the  3-5Z  salt  spray. 


TABLE  7 

RESULTS  OF  THE  TAPE  ADHESION  TEST 


PANEL  a 

COATING  SCHEMF 

kATINC, 

A 

HAE.  MtL-p-:.in7 

B 

HAE.  MIL-P'52192 

C 

HAE.  MIL-P-8^5R2 

D 

HAE.  985.  .MIL-P-23.177 

OB 

M 

Cr-Mn.  MIL-P-23.177 

4  SB 

N 

Cr-Mn.  MlL  P-5219: 

SB 

O 

Cr-Mn.  .MIL-P  85582 

4  Sp 

P 

Cr-Mn.  985.  MIL-P-I^.n? 

(iB 

Impedance 

Measurements 

Electrochemical  Impedance  techniques  are 
finding  Increased  application  In  both  corrosion 
research  and  the  evaluation  of  the  performance 
of  organic  coatlng/metal  systems.  Since 
corrosion  processes  occurring  on  metal 
substrates  under  organic  coatings  are 
electrochemical  In  nature,  assessment  of  the 
corrosion  resistance  of  organic  coatings  have 
been  made  employing  electrochemical  measurements 
and  much  data  has  been  reported  showing  that 
various  electrical  parameters  can  be  Important 
In  selecting  a  corrosion  resistant  organic 
coating.  Leldhelser  has  reviewed  a  number  of 
electrochemical  and  electrical  measorement 
techniques  for  predicting  corrosion  at  Che 
raetal/organlc  coating  Interface.  He  reported 
chat  a  coating  system  resistance  measured  by 
both  AC  and  DC  resistance  techniques  degraded 
with  tl^e  and  a  lower  limit  of  about  lO” 
ohms/cm  existed,  below  which  corrosion  occurred 
underneath  the  coating.  He  associated  this 
temporal  degradation  with  Ion  and  water 
penetration  Into  the  coating,  transport  of  Ions 
through  the  coating,  and  follow-on 
electrochemical  reactions  at  the  cnac Ing/met a  1 
Interface.  Mlkhallovsktl’'  has  reported  that  In 
many  cases  the  DC  resistance  may  not  be  a  true 
me.asure  of  the  corrosion  resl-stance  of  paints. 
Mansfeld’  has  revletted  the  current  status  of 
polarization  resistance  measurement  and  points 
out  the  advantages  of  the  AC  Impedance  technique 
In  obtaining  the  polarization  resistance 
especially  for  measurementa  in  low  conductivity 
media  and  for  systems  with  low  corrosion  rates. 
Nansfeld  has  also  re^l^wed  methods  of  analyses 
of  AC  Impedance  data  ,  .  The  value  of 
polarization  resistance  Rp  has  been  obtained  ^ 
from  both  Nyqulst  and  Bode  plots.  Scantlebury 
et  al  have  applied  analysis  of  Nyqulst  plots 
(also  known  as  Cole-Cole)  to  provide  an  estimate 
of  the  film  Integrity  .snd  protective  capacity  of 
chlorinated  rubber  and  coal  tar  epoxy  coatings. 
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10  contain-  complex  Impedance  pl€'>ts 
of  the  real  Impedance  Z'  versus  the  Imaginary 
Impedance  7."  for  each  •  xcit.it  Ion  frequency. 

These  plots  compare  the  behavior  of  the 
mi*7P~23377  primer  Which  uas  applied  over  a  HAE 
IreaCed  panel  (A)  and  exposed  Co  a  soluclon 
containing  100  ppm  Cl  for. I,  7,  U  and  21  days. 
Although  the  behsvlor  after  I  day  appears  to 
Indicate  chat  the  response  of  the  system  Is 
solely  capeclctve  o<te.c  the  range  shown  the 
response  curve  beyond  the  range  of  the  plot  Is  a 
^arge  seal-circle.  The  Impedance  behavior  after 
7,  14  and  21  days  shows  that  the  high  frequency 
Intercept  of  the  curves  with  Che  Z'-axls  Is  the 
same,  but  the  reponse  curves  are  smaller 
seal-circles  with  the  center  of  the  seal-circle 
lying  along  the  Z'-axls.  Aa  estimate  of  the 
polarization  resistance  may  be  made  from  the 
Intersection  of  Che  low  frequency  seal-circle 
with  the  Z'-axls.  Similar  Impedance  behavior 
for  a  chlorinated  rubber  coating  haa  been 
reported  by  Scanclebury  et  al'.  After  7  and  14 
days  of  exposure  the  polarization  resistance 
became  Increasingly  smaller  as  existing  pores 
are  permeated  or  pathways  developed,  with 
electrolyte  Increasing  the  ionic  conductivity  In 
the  coating.  After  14  days  a  second  semi-circle 
appeared  at  low  frequencies  and  at  the  same  time 
a  small  area  of  corrosion  was  observed  under  the 
coating.  It  appears  that  Cl  Ions  and  water  had 
penetrated  Into  the  coating,  followed  by 
transport  of  Ions  through  the  coating  and 
Substrate  lonlc/electronlc  charge  transfer 
reactions  at  the  coatlng/metal  Interface. 

Similar  Nyqulsc  plot  behavior  was  observed  for 
the  MII.-P-23377  primer  which  had  been  applied 
over  the  chrome  manganese  conversion  coating 
(H).  Nyqulst  plots  which  show  the  effect  of 
interposing  the  sealer  between  the  HAE  anodize 
and  MIL-P-23377  primer  (D)  are  contained  in 
Figure  It.  There  la  very  little  effect  of 
exposure  time  on  the  response  curves  even  after 
42  days  of  Immersion  In  tOO  ppm  Cl  solution. 

Thus  plots  for  7,  14,  21  and  28  days  are  not 
shown.  Corrosion  of  the  underlying  Mg  alloy  was 
not  observed.  This  behavior  attests  to  the 
beneficial  effect  of  the  sealer,  and  correlates 
well  with  the  data  obtained  from  salt  spray 
tests . 


The  Bode  plot,  log  IZ|  vs.  log  F 
(frequency)  is  an  alternative  to  the  Nyqulst 
plot  and  Is  more  useful  because  It  allows  a  more 
effective  extrapolation  of  data  from  higher 
frequencies  and  provides  a  better  estimate  of 
polarization  resistance  when  data  scatter 
precludes  ad|quate  fitting  of  the  Nyqulst 
semi-circle.  Polarization  resistance 
determinations  were  made  by  extrapolation  from 
the  linear  region  of  the  Bode  plot  at  low 
frequencies  to  the  log  |Z|  axis.  Figure  1? 
contains  Bode  plots  for  the  panel  which  has  been 
HAE  anodized  and  primed  with  MIL-P-Z3377  after 
immersion  In  100  ppm  Cl  solution  for  1,  7,  14 
and  21  days.  Polarization  resistance  values 
extrapolated  from  these  plots  are  contained  In 
Table  8  and  show  that  polarization  resistance 
decreases  with  time  of  exposure  as  existing 
pores  In  the  coating  are  permeated.  After  14 
daya  of  exposure  the  coating  system  resistance 
^•R^A^ed  to  below  10  ohms/cm  where  corrosion 
of  MgZEAlA  occurred. 


20000  30000  «0000 

T  (ohm#) 


Fig.  10  Nyqulst  Plot  for  System  A  (HAE, 

MIL-P-23377)  In  lOOppm  Cl  Solutlo 


Fig.  11  Nyqulst  Plot  for  System  D,  (HAE, 

Araldlte  485,  MU.-P-jn??)  i ino  p 
Cl  solution 


Fig.  12  Bode  Plot  of  System  A  (HAE,  MII.-P- 
23377)  In  100  ppm  Cl  Solution 


22 


r^e  effect  f  .applying  the  so'l*‘r  Ar.iltiice 
het-een  t^e  nno^i  z*-  and  primer  Is  houn  tn  the 
plots  of  rl.uie  I''  nod  alsf>  t'le 
polarization  resistance  values  In  Table  8*  Very 
little  change  Is  apparent  even  after  A2  days  of 
tmiMrslon  and  the  lower  limit  pf  Rp  Is  i^ell 
above  the  critical  value  of  lo”  ohms/cm  .  The 
plots  for  exposure  times  between  7  and  35  days 
are  not  shown  becasue  they  fall  tn  the  very 
narrow  region  between  the  I  and  42  day  curves. 
Again,  these  data  support  the  results  of  the 
salt  spray  tests. 


Fig.  13  Bode  Plot  of  Sysc^ro  D  (H/UC.  Araldlce 
985,  Ma-P-23377  )  Ln  100  ppm  Cl 
So luc Ion 


Days  of  'n^mersio^ 


Ojys  of  'f^r'ersion 

Fig.  14  Effect  of  Sealer  on  the  Polarization 
Resistance  of  HAE  or  CrMn  Treated  and 
Primed  System 


:a8li  b 

POLAftlZATiON  ^ISISTANCl  0?  PROTfCTlVl  SCntMtS 


DAYS  OF  IMMERSION 

A 

0 

M 

P 

1 

2  5  X10‘7 

7  1X10*9 

3  0X10*9 

2  0X10*7 

7 

1  6X10-5 

2  3X10*9 

8  2X10*8 

3  0X10*7 

1  4 

1  4XiO’‘5 

1  7X10*9 

4  6X10*6 

1  6X10*6 

r  ' 

1  5  X  !C*5 

1  3X10*9 

1  1 X  10*5 

\  ?  X  1  0  •  4 

2  3 

2  0X10*9 

;  1 X 10*4 

35 

2  0X10*9 

9  txi0*4 

4  2 

6  3X10*0 

Table  8  also  contains  Rp  values  for  the 
same  coating  systems  except  for  the  rep Lacetoenc 
of  the  HAE  anodize  with  the  CrMn  conversion 
coating.  Without  Che  sealer,  the  CrMn  treated 
system  performed  better  than  the  ^lAK  rr»>at»»«i 
system  over  a  period  of  !4  days.  Ttu* 
ippllcatlon  of  the  s«Mli*r  pnjvldcil  n«»  f  1 1- 1  .i  I 

effect  with  CrMn  treated  and  primed  system.  The 
HAE  anodize,  Araldlte  985  sealed  and  MIL-P-2n7; 
primed  system  performed  the  hesr  with  no  failure 
after  42  days  of  exposure.  The  change  In 
polarization  resistance  of  all  of  the  above 
‘lescrlhed  schemes  plotted  as  a  f«inctlf>n  of 
exposure  time  Is  more  dramatically  shown  in 
Figure  14. 


Concinslons 

1.  The  salt  spray  resistance  of  the 
MIL-P“23377  primer  was  not  as  good  as  either  the 
MIL-P-52192  or  MIL-P-*SS82  primers  regardless  of 
the  Initial  treatment  (CrMn  or  HAE  anodize). 

2.  The  application  of  the  Araldlce  985  sealer 
significantly  Improved  the  performance  of  the 
MIL- P-2  3  37  7  primer  par  r  I  cu  ’  i  r  1  y  when  the  HAF. 
anodize  was  used. 

3.  The  AC  Impedance,  data  also  demonstrated  the 
beneficial  effect  of  the  sealer  In  conjunction 
with  Che  HAE  anodize. 

4.  The  Araldlce  sealer  also  contributed 
significantly  to  Improving  Che  salt  spray 
resistance  of  the  polyurethane  CaRC  MlL-C-4618h 
topcoat  regardless  of  Che  primer  used  ind  the 
Initial  treatment. 

5.  Despite  the  beneficial  effect  nf  the  sealer 
In  salt  spray  resistance  of  the  nrlmers,  tape 
adhesl«in  tests  showed  that  the  adlu*‘;l.M  of  the 

primer  to  the  sealer  was  poor  after  5  weeks  of 
exposure  to  lOOZ  relative  humidity.  As  a 
conset^vjence  efforts  are  now  underway  to  Improve 
the  adhesion  of  sealer  to  primer  by  employing  a 
post  baking  treatment  In  accordance^wl c h  a 
rerrommendat Ion  hy  Taylor  and  Tawll  .  Also, 
ocher  sealers  are  being  Investigated. 

6.  The  AC  Impedance  data  appeared  to  provide 
an  estimate  of  Che  film  Integrity  and  protective 
(fapablltty  of  the  primers  which  correlated  with 
Che  salt  spray  test  results.  Values  of  ^ 
polarization  resistance  below  10  ohra-cm 
Indicated  significant  degradation. 
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1  AFFDL/FIES,  J.  Hodges 

1  AFFDL/TST,  Library 

Air  Force  Test  and  Evaluation  Conte-,  Kirtland  Air  Force  Base, 

NM  87115 

1  ATTN:  AFTEC-JT 
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1  ATTN;  SAVDL-AS-X,  F.  H.  Immen 

NASA  -  Johnson  Spacecraft  Center,  Houston,  TX  77058 
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1  ATTN:  N.  Caravasos  M/S  P30-27 
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Farmingdale,  Long  Island,  NY  11735 
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